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FOREWORD

This document is VolumeIII of a five-volume final report prepared
by Martin Marietta Corporation, Denver Division for the National
Aeronautics and SpaceAdministration, MannedSpacecraft Center
(NASA-MSC)under Contract NAS9-12359,Long-Life Assurance Study

for Manned Spacecraft Long-Life Hardware. This study was per-

formed with J. B. Fox, Manned Spacecraft Center, as Technical Mon-

itor and R. W. Burrows, Martin Marietta, as Program Manager. Ac-

knowledgment is made to the individual contributors identified in

each volume and to R. A. Homan and J. C. DuBu!ss@n t Task Leaders

for the electrical/electronic and mechanical areas, respectively.

The five volumes submitted in compliance with Data Requirements

List T-732, Line Item 4, are as follows:

Volume I

Volume li

- Summary of Long-Life Assurance Guidelines;

- Long-Life Assurance Studies of EEE Parts and'

Packaging;

Volume III- Long-Life Assurance Studies of Components;

Volume IV - Special Long-Life Assurance Studies;

Volume V - Long-Life Assurance Test and Study Recommendations.

Many of the issues discussed are controversial, and while the recom-

mended guidelines are believed to represent the concensus opinion,

it should be recognized that some guidelines may require tailoring

to specific program constraints and objectives.
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I • INTRODUCTION

A, STUDY OBJECTIVES

The objectives of this Long-Life Assurance Study were to develop

and document the engineering approach necessary to assure that

hardware selected for manned spacecraft is based on the experience

gained from the manned and unmanned space programs conducted to

date, and will meet the following long-life goal: A five-year

operational lifetime goal without maintenance is considered the

minimum long-life goal with a 10-year desired operational life-
time.

B. SCOPE

A detailed engineering study was conducted of the design; applica-

tion; failure mechanisms; manufacturing processes and controls;

screen and burn-ln techniques; functional, qualification and life

testing; and any other factors affecting the hardware items under

study. The hardware items investigated are listed in Table i.

In addition, certain special studies were accomplished which are

not oriented towards specific hardware items. The special studies

are listed in Table 2 and presented in Volume IV.

C- APPROACH

The approach included a comprehensive review of the available tech-

nical data and an industry survey to establish a baseline for cur-

rent hardware capability from which improvements for increased life

and reliability goals can be assessed. Emphasis was placed on the

review of failure history of the hardware as used in NASA and D0D

manned and unmanned sRace and missile programs to ascertain the

lifetime and corrective measures necessary to insure long-life

operation.
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Table I List of Hardware Items Studies

EEE Parts and Packaging (Volume II)

i) Monolithic Integrated Circuits

2) Hybrid Integrated Circuits

3) Transistors

4) Diodes

5) Capacitors

6) Relays

7) Switches and Circuit Breakers •

8) Electronic Packaging

Components (Volume III_

9) Electric Motors and Bearings

i0) Accelerometers

ii) Gyroscopes and Bearings

12) Compressors and Pumps

13) Magnetic Tape Recorders

14) Plumbing Components and Tubing

15) Check Valves

16) Pressure Regulators and Solenoid Valves

17) Thermal Control Valves

18) Pressure Vessels and Positive Expulsion Devices

19) Ni-Cd Batteries

20) Transducers
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Table 2 List of Special Studies

i) Temperature Cycling as Employed in the Production Accept-

ance Testing of Electronic Assemblies ("Black Boxes")

2) Accelerated Testing Techniques

3) Electronic Part Screening Techniques

4) Industry Survey of Electronic Part Derating Practice

5) Vibration Life Extension of Printed Circu£t Board Assem-

blies

6) Tolerance Funnelling and Test Requirements

Do ORGANIZATION

This final report is divided into five volumes for convenience;
viz:

i) Summary of Long-Life Assurance Guidelines;

2) Long-Life Assurance Studies of EEE Parts and Packaging;

3) Long-Life Assurance Studies of Components;

4) Special Long-Life Assurance Studies, and;

5) Long-Life Assurance Test and Study Recommendations.

The results of the specific component studies are presented in

12 separate chapters. The organization of each chapter is pre-

sented in Table 3. To prevent repetition, a detailed table of

contents is not provided for each chapter. The exception is

Chapter II on Electric Motors and Bearings which, because of its
length, requires its own detailed table of contents.
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Tab le 3

A.

B.

Vo fume III Organization

INT RODU CT ION

GUIDELINES FOR LONG-LIFE ASSURANCE

i. Design Guidelines

2. Process Control Guidelines

3. Test Gui_de!ines

4. Application Guidelines

5. Special Considerations

C. LIFE LIMITING PROBLEMS AND SOLUTIONS

i. Failure Mechanism Analysis

2. Design

a. Selection Criteria

b. Results of Survey

c. Alternate Approaches

d. Hardware Life

e. Application Guidelines

D. TEST METHODOLOGY AND REQUIREMENTS

i. qualification

2. Life Test

3. Screening

4. Burn-In

5. Failure Mode Detection

E. PROCESS CONTROL REQUIREMENTS

i. Existing

2. Needed

F. PARTS LIST

i. A cceptab le

2. Unacceptable

G. REFERENCES
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II. ELECTRICMOTORSANDBEARINGS

by S. Broadbent
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II. ELECTRIC MOTORS AND BEARINGS

Ab INTRODUCTION

Reliability of a mechanism can be no better than that of its weak-

est link. In motorized mechanisms, that link is usually the motor

for a variety of reasons, often because it is the fastest opera-

ting and most complex portion of the mechanism. Therefore, for

assurance of long life, the motor must be given special considera-

tion during the formulative stages of mechanism design. Concepts
should evolve around the use of the optimum type of motor, rather

than regarding the motor as an adjunct to be determined later.

A successful long life motor application is not simply a question

of building a motor to the ultimate in quality standards; it is

equally dependent on utilizing the best selection of motor for the

particular application and designing the driven mechanism appro-

priately. This will involve numerous design iterations and anal-

ysis before optimization is accomplished. Situations will also

be encountered where motor compromises will be necessary in order

to enhance the driven mechanism. So, there is no universal pan-

acea governing the selection of motors for space vehicle applica-

tions for the simple reasons that an immense variety of space en-

vironments exist; that duty requirements will vary from one short

actuation per mission to continuous operation, that the type of

function will vary, which, in itself, may dictate a limited spe-

cies of motors; that the available power supply will have a power-

ful effect on the choice of motor type; and that space and weight

constraints will also have important ramifications.

Each application must be given meticulous attention, both individ-

ually and in conjunction with other motor applications on the same

vehicle. Special attention must be given to the choice of lubri-

cants and bearings.

It must also be recognized that the word "motor" is an established

term conventionally used for "motor assemblies" comprising not only

a motor proper, but also integral accounterments such as gearheads,

brakes, slip clutches, limit switches and hermetically sealed out-

put drive mechanisms. More often than not, it is these mechanisms

which are the life limiting and failure prone portions of the

overall assembly.
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Hence, with all the variables described above, it is not feasible
to define a single set of selection criteria. Probably future
space programs will be utilizing all of the many types and styles
of motor and motor assembly currently available, but with state-
of-the-art improvements. An intimate knowledge of prior experi-
ence is the first prerequisite in the determination of policies
to improve upon that experience; or even to know if the prior
art is in need of improvement. This applies not only to the art
of motor design, but also to the art of motor application.

While motor design technology is largely locked in the minds of
a few specialists and regarded as proprietary by the companies
for whomthey work, the prior art of motor application is avail-
able to any investigator adequately prepared to unfold it from
the mass of documentation in which it is hidden.

It is submitted that a manual of motor application experience
would be of invaluable assistance to the designers of motorized
devices. To emphasize this need and to give perspective to this
study, a review of current spacecraft motor applications is pre-
sented as part of this introduction. Special emphasis is given
to applications and techniques conducive to long life. The il-
lustrations selected for this review are also intended to facil-
itate the later discussion of "Fluid Lubrication Systems" and
"Application Guidelines."

Historical Review of Spacecraft Motor Usage

., = -

k This review will relate the needs of the various types of appli-

cation and environment to the wide assortment of motors that have

been used during the short history of this activity. Special

attention will be given to those applications of significance to

the achievement of long life in spacecraft.

It is based, in part, on a survey covering some 300 spacecraft

motor applications. The survey is summarized in Martin Marietta

Aerospace report T-71-48890-003. The percentage distribution of

motor types is given in the following tabulation. These percent-

ages apply to motor applications only. They do not take into ac-

count any repetition of the same application; i.e., the percent-

ages do not define relative abundance of motor types. The 300

motor applications are believed to represent about 90% of the

total unclassified spacecraft motor applications; hence, the per-

centages should be reasonably accurate. Thirty-five manufacturers

shared in the supply of these motors. Of these, eightno longer

cater to the space industry.
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Type of Motor Percent of Total

Hysteresis Synchronous

Permanent Magnet Stepper

PMDC & Wound Field Brush Type

DC Torquer Brush Type

Induction

Brushless Torquer PMDC

Variable Reluctance Stepper

Latching Stepper

DC Start AC Run

Brushless PMDC Motors

25.5

18.2

16.5

12.0

ii.0

8.5

4.0

2.9

0.7

0.7

This may be restated:

AC 37.5

DC 37.4

Stepper 25.1

Approximately 34% of these motors were equipped with integral

gearheads; and practically all of these were different; different

design, manufacturer, gear ratio, power, and lubricant. While

the competitive and specialized nature of U.S. industry is par-

tially responsible for this variety, the basic reason (as previ-

ously mentioned) is the enormous diversity of application and en-
vironment.

Attempts to standardize and limit the number of motor types on a

particular spacecraft have been only partially successful. Per-

formance and weight penalties, plus interference in the freedom

of choice on the part of subcontractors, have been the prime ob-

jections to standardization.

Hence, it is reasonable to assume that an equal, or even greater_

diversification of motor types will be incurred in the future, but

optimized for longer life capability.

The various motor types and their applications will be discussed

in the order of the foreceeding list.

a. Hysteresis Synchronous Motors - A primary use for hysteresis

synchronous motors has been in tape recorders to satisfy the re-

quirement for precise speed control without the need of rate feed-

back. This choice also facilitated the achievement of a multi-

speed capability, simply by changing the frequency of the applied

voltage, meeting the requirements of a slow recording speed and a

fast playback speed. In this application the motors are used with-

out gearheads; OGO being an exception.
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The majority of tape recorder applications have been satisfied with
this type of motor usually of six or eight-pole construction, two-
phase, 400 Hz supply. Of late, there appears to be a trend to-
ward the use of a larger numberof poles; 24 being an actual ex-
ample. This reduces the numberof belts used to produce the re-
quired capstan speed.

Almost without exception, the tape recorders have been hermetically
sealed and subject only to limited temperature excursions (-IO°C
to +45°C). Under these conditions, hysteresis synchronous motors
have given up to 26,000 hours operation before failure; failure
being attributed to bearing lubrication exhaustion.

Both oil and grease lubrication have been utilized almost exclu-

sively for tape recorders; temperature extremes have not war-

ranted the use of dry film lubricant. Hysteresis synchronous

motors have also been extensively used in scientific instruments

where uniform speed is desirable; i.e., the activation of mirrors

and choppers in spectrometers and radiometers. Motors with up to

80 poles have been used in these applications operating from two-

phase, 400 Hz, square wave supply. These, also, did not involve

gearheads.

Requirement for constant speed has been a primary reason for their

selection in many instances, overruling any consideration of lower

efficiencies. Their inherent simplicity, using a lightweight

tubular rotor, is also very appealing. Furthermore, since there

is no rotor slip (except during acceleration), there is no rotor

heating as in the case of induction motors. For these reasons,

the hysteresis synchronous motor has been selected for situations

where a PMDC motor might appear to be a more logical choice, pri-

marily to eliminate brush and kl_I problems.

Modern multipole concepts can offer 60% efficiency combined with

constant low speed operation. Their pancake configuration per-

mits gear reduction to be incorporated integrally into the motor

housing with minimal increase in envelope. Figure 1 is representa-

tive of this design philosophy. It will be observed that the motor

rotor is bearingless.

The popularity and versatility of this type of motor is well il-

lustrated in the Nimbus Program where 21 of 32 motor applications

have been satisfied by hysteresis synchronous motors.
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A particularly interesting application of a hysteresis synchron-

ous motor is to the diffraction grating actuator for the Mariner

UV Spectrometer. The motor operates at 9000 rpm and drives a

planocentric hermetically sealed output stage via a 450:1 gear

ratio. This is the only space usage of this form of hermetic

shaft seal. The motor has Bartemp-solid transfer lubricated bear-

ings, the gearing uses FS0 Silicone oil. The unit has operated

satisfactorily throughout its 90-day duty in orbit around Mars

upon completing the 230-day trip from earth.

This concept is illustrated in Fig. 2. It can be used in conjunc-

tion with any type of motor. Somewhat similar concepts will be

illustrated in connection with PMDC motors.

The life capability of the high speed ungeared type of hysteresis

motors is illustrated by the "failure" of the record mode motor

of the OAO II tape recorder after 26,000 hours of successful op-

eration. This was located in the pressurized interior of the

tape recorder and its bearings were wet lubed. Failure is attri-

buted to loss of lubricant.

Though elementary, it is important to observe that the basic con-

structional features of the motor, i.e., the winding and rotor,

did not degrade in any manner to cause this failure. Nor, in fact,

were the bearings at fault. It was merely that an expendable

medium, the lubricant, finally depleted to a point where it failed

to provide an oil film of sufficient thickness to separate the

surface asperities, resulting in increased heating, higher fric-

tion, oil degradation and varnish formation. Torque increase and

higher motor currents are a manifestation of incipient bearing

failure. This incipient failure mode may extend for as much as

10% of nominal lubricated life. It should not be relied upon even

in applications where substantial increase in bearing torque is

tolerable since the instant of final seizure following initial

indication of failure is very unpredictable. Usually the rate of

bearing degradation during this period is exponential.

Almost without exception, bearing/lubricant failure is the mechan-

ism by which motors in space applications fail, regardless of type.

The one exception is in the case of brush type motors where the

brushes constitute a separate failure mechanism.
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b. Permanent Magnet Stepper Motors - Permanent magnet stepper

motors are the second most commonly used motor in space applica-

tions. They are usually no larger than size 15 (1½ in. diameter).

As in the case of hysteresis synchronous motors, their primary

value is their constant speed characteristics combined with sim-

plicity.

A secondary characteristic, utilized in a number of applications,

is the deenergized detent torque which, through the mechanical

advantage of a gear ratio, can reach very useful proportions.

A substantial percentage of these motors have been either equipped

with gearheads or operate through the medium of gear trains. Also,

many have embodied Bartemp type bearings involving solid transfer
lubrication in the form of Duroid retainers.

Stepper motors compare poorly with other types on a power to

weight basis. It is only when their stepping or constant pulse

rate (speed) characteristics are needed that they prove beneficial;

except at power levels below that of the smallest practical size

of conventional motor.

Their primary use has been in optical and other scientific instru-

ments and shutter mechanisms in cameras. Usually, these motors

have been of the conventional 90 ° step angle. More often than not,

they have been adaptions from standard catalog items.

Antenna despin motors for ATS III and Intelsat IV are important

examples of specially designed stepper motors. With the encoder

embodied on the same shaft, they are equivalent to and the pre-

curser of the brushless DC motors (using resolvers for commuta-

tion) now in common use for antenna despin function, e.g., Telsat,

Skynet and Helios. These motors are of pancake construction with

a three segment 128 pole stator and bifilar wound for redundancy.

The despin problem on ATS III was due to thermally induced fail-

ures in the motor electronics, not to any shortcoming of motor or

lubrication. This motor concept is subject of a NASA Goddard

patent.

Another stepper motor application of advanced design is the Biaxial

Antenna Drive on DSCS 2. In this case, the motor is a conventional

size 15, 90 ° step angle unit. It operates a harmonic drive through

a 23.6:1 gearhead. The unit is not hermetically sealed; labyrinth

seals are used to retain the Bray Oil NPT4 lubricant, which is

used for motor, gearing and harmonic drive.
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A particular feature to beware of when using PM Stepper Motors

over a broad temperature range, is demagnetization of the rotor.

This can occur if it is stalled within a magnetic field greater

than that at which it was stabilized. This can he prevented by

using a constant current mode of energization, avoiding excess

current draw at low temperatures which is the main danger of de-

magnetization. Alternatively, use high energy magnetic materials

such as Samarium Cobalt or Alnico 9 which resist such demagnetiza-

tion.

c. PMDC and Wound _eld Brush Type Motors (Excluding Torquers) -

The majority of the high speed brush type motors used on space-

craft have been of the permanent magnet field (PMDC) variety.

Notable exceptions have been the Surveyor Soil Sampler Motors and

the Wheel Drive and Steering Motors of the Lunar Rover.

The virtue of wound field motors is that by using a double field

winding, reversing can be accomplished with a single-pole switch

using three wires. PMDC require double throw switches but only

two wires. Also, on low response servo-systems they simplify

amplifier design.

The major attribute of this type of motor (either wound field or

PM) is that its power to weigh characteristics are almost invari-

ably superior to any other type. It also exhibits a greater re-

serve of stall torque. Another advantage is that it will operate

directly from the customary dc spacecraft power source; whereas,

other types may require inverters or pulse generators.

The need for brushes is the main objection to the use of this

type of motor, particularly in vacuum or inert gas since both

these conditions accelerate brush wear enormously. An associated

shortcoming is the need for EMI suppression of brush noise.

High altitude graphite brushes, with various adjutants, and silver

graphite compacts sometimes with molydenum disulphide, provide a

life expectancy varying from 50 to 200 hours* in vacuum. While

this is more than adequate to meet the needs of single-shot func-

tions, such as the deployment of antennae_ solar panels or stab'il-

ization booms, and many other short term operations, it does elim-

inate the use of unsealed high speed dc brush type motors for ex-

tended service. For instance, the maximum time registered on any

*Dependent on commutator speed, number of bars and current den-

sity. One Manufacturer, General Design, Inc., using a proprietory

brush material which is 70% copper can achieve 400 hour life at

high speed and high current density--as proven on classified ap-

plications.
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of Surveyor Soil Sampler Motors was 22.8 minutes; Boeing Type 046-
045 compact brushes were used which are mostly MoS2--excellent In
vacuum, but poor for atmospheric conditions. Since motors are
usually operated to a greater extent during ground testing than
they are in orbit, brushes must cater to both earth and space en-
vironments unless pressure sealed.

Also, in the majority of applications for which these motors have
been selected, substantial speed variations have been of little
concern. This is important since the speed of dc motors is par-
ticularly sensitive to temperature and voltage changes--more so
than other types.

d. DC/AC Design Mutation - A very interesting adaptation of a

brush type dc motor was for tape recorders on OSO i, Tiros and

UK i. This used brushes for starting on regular dc, then switched

to i00 Hz pulsed dc as the brushes were lifted from the commutator

by a centrifugal mechanism. It then functioned as an induction

motor. This arrangement provided the high starting torque of a

dc motor (without the brush wear problem), plus the advantage of

close speed control when functioning as an induction motor.

On OSO 2, the same type motor operated the Scanning Disc on the

White Light Coronagraph and was hermetically sealed using a cylin-

drical type permanent magnet coupling_

It is not known why this principle, which enjoyed the "best of

both worlds" did not get greater use; the pulsed dc would need

minimal electronics, and EMI suppression would be unnecessary for

the very short periods that the brushes are operative. The sup-

plier of this motor is Brailsford.

e. Hermetic Varients - There are several advantages of hermetic

sealing a motor:

l) The evaporation rate of the lubricant is substantially re-

tarded as a result of maintaining a pressurized atmosphere.

Oil film and oil reservoir content will, therefore, remain

intact for longer periods.

2) Outgassing (primarily from the lubricant) no longer consti-

tutes a hazard to lenses and optics. There is no loss of

lubricant.
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3) The motor is isolated from contamination and corrosion hazards

associated with moist and dusty environments during prelaunch

and post landing operations.

4) The possibility of cold welding of rubbing surfaces (gears

and bearings) is minimized.

5) Organic contamination of biological instrumentation is avoided.

When applied to dc motors, it must be realized that hermetic seal-

ing will enhance brush life only when it is feasible to utilize a

moisture content in the encapsulated gasp water vapor being essen-

tial to a satisfactory sliding interface between graphite and com-

mutator. By this means, brush life can be extended up to I000

hours. The shortcoming is that the operating temperature limit

must be held above the dew point of the water vapor. Since an ab-

solute humidity of two grains of H20/ib of air is required, and

assuming pressurization to one-half atmosphere, the low tempera-

ture limit will be in the region of -30°F. Hence, there will be

many motor applications unable to use this principle.

Two manufacturers have developed hermetically sealed dc motors

which have seen service in space. Unfortunately, the duty require-

ment in both instances were so short that in all probability a non-

hermetically sealed motor would have sufficed. These two motor

concepts are illustrated in Fig. 3 and 4.

The concept of Fig. 3 used an OAO II for operation of the sun-

shade for the telescope, utilizes a wobble bellows to provide 90 °

to 95 ° angular travel. Limit switches, mechanical stops and a

slip clutch are incorporated. This is the only space application

of this motor.

The other arrangement (used on RAE I for boom deployment) utilizes

a bellows in similar fashion to that illustrated in Fig. 4 except

there is no final planocentric orbiting gear arrangement. The

crank drives the output shaft directly. It will be noted that the

hermetic sealing protects the high speed portions of the design,

but leaves the output shaft bearings open to the environment.

Hence, if the hermetic unit is intended to eliminate outgassing,

the output bearings must be dry film lubricated. The ball detent

slip clutch (torque limiter) is an optional feature. This motor

was actuated after 2½ years of dormancy in orbit and functioned

identically to its original performance, but then so did an un-

hermetically sealed PMDC motor after 15 months in orbit on a clas-

sified satellite.
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DC Brush
Type Motor ----

Planetary

Gear Stages

Wobble Bellows

Figure 3 HermetieaIZy Sealed (DC) Motor

using Wobble BeZlows with

PartiaZ Rotation

Courtesy of L_ndy EZeetronies & Systems

G_en Head, New York
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Two other hemetically sealed units are in course of development.

These are illustrated in Fig. 4 and 5.

The concept of Fig. 4 is basically equivalent to that of Fig. 2,

except that the bellows is used to restrain the orbiting gear from

rotating. Whereas, in the concept of Fig. 2, the orbiting gear

is provided with radial grooves which engage stationary pins, thus,

alleviating the bellows of a torsional load. Again, the output

shaft bearings are open to space vacuum.

The arrangement of Fig. 5 utilizes a magnetic coupling between

motor and gear reduction. The coupling is a radial face type with

a solid nonmagnetic metal diaphragm isolating the motor. Hence,

the entire gear box, high speed as well as low speed gears and

bearings, are open to space vacuum. The basic philosophy behind

this configuration was not the achievement of long life, but the

isolation of the organic components of the motor; i.e., brush

debris, etc. At the same time, it avoided the complexity and

failure hazard of a flexing bellows. Also, the magnetic coupling

constitutes an excellent slip clutch (torque limiter), accurately

presettable and without any sliding parts.

f. Motorized Switches - Motorized switches are of special inter-

est in that they represent a variety of hermetically sealed motor

which will remain in common usage, they will not accumulate any

appreciable amount of running time even on a ten-year life space-

craft since their operating time is in the order of 200 milisec-

onds.

These motors are built into the switch mechanism and operate

through a gear train. Series wound dc motors are usually used for

this purpose for optimum torque versus speed characteristics. The

motor never reaches a stable speed since it is switched off while

still accelerating.

Such switches were installed on the Titan Missiles up to eight

years ago and are activated periodically; however, during the en-

suing period a significant number of switch failures have been

experienced. Investigations have shown that commutator filming

has been the cause. This is attributed to outgassing of either

the lubricant or coil impregnant after years of service (Ref i).

Another failure mode experienced during Apollo development was the

glazing over of a commutator as a result of decomposition of F50

Silicone oil presumably due to arcing at the brushes.
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These instances emphasize the extreme care that must be exercised

in the selection of lubricant.

g. DC Torquer-Brush Type - DC torquers are merely a slow speed

high torque version of the P_C motor previously discussed. This

is achieved by the use of comparatively many poles and large diam-

eter air gap. As a consequence, the motor is of pancake configura-

tion. It exhibits the same linear relationship between torque and

current and between speed and torque.

For reasons that must be left to design treatises, they exhibit

fast response, high linearity and resolution and are therefore

ideally suited to closed loop servo-system. In fact, the vast

majority of servosystems in spacecraft have utilized this form of

servo-motor in preference to either ac or brushless dc (however,

it is true that brushless dc motors are gaining ground in this

area). Approximately 12% of motor applications have utilized this

type of motor.

The torque motor differs from the conventional dc motor, not only

in that is is of pancake configuration, but in the fact that it

is almost always supplied frameless; i.e., without casing or bear-

ings. It is often mounted onto a rotating assembly, thus avoid-

ing the need for additional bearings. Gears are seldom used be-

tween load and motor and motor speeds are usually quite low.

Hence, it has been possible to acquire continuous operation for

several years in space vacuum, preimarily because brush veloci-

ties were low. Certain commutator lubes have facilitated this,

pioneered by Ball Brothers' wet Vackote.

Typical examples are the OSO Ill to VII despin and elevation torque

motors. Using wet Vackote and operating at 33 rpm's, these have

operated faultlessly since launch. In the case of OSO III,

launched in March 1967, the despin motor has executed 17.4 x 106

revolutions.

In the Apollo program, at least three torquers were used including:

l) Gimbal drive for the inertial measuring unit on the command

module and LEM;

2) Service module camera;

3) LEM descent engine throttle valve.
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On the Apollo Telescope Mount, a minimumof seven torquers are to
be used for various control functions. On Viking, four torque
motors are planned.

There have also been somenoteworthy failures of torque motors,
for instance, the momentumwheel drive motors on ITOS I and NOAAI,
operating continuously at 150 rpm's in space vacuum. Each momen-
tum wheel was provided with two identical motors for redundancy,
but they both failed sequentially on both satellites. On ITOS I
they lasted 14 months; on NOAAthey lasted seven months represent-
ing 54 x 106 revolutions, respectively. Clogging of commutators
by brush debris is the assumedfailure mechanism--not simply a
matter of brush wear.

It is probably unfair to classify these as failures in that the
motors did accomplish up to seven-months (5100 hours) of continu-
pus service, which was presumably their limit under the particular
operating conditions. The motor manufacturer is of the opinion
that an excess of oil was the fault. They have been sup@rceded
by brushless dc motors on subsequent ITOS satellites.

On the very samesatellites, smaller higher speed torque motors,
used in the tape recorders, were considered to have provided excel-
lent service with 3800 hours of operation; however, these were lo-
cated in the sealed interior of the tape recorder with a very bene-
ficial relative humidity of 20%. Life test units have, in fact,
accomplished 8000 hours of operation without failure.

(The life figures of actual accomplishments are being cited to give
insight into current capability since there will be numerous in-
stances in future "long-life programs" where this magnitude of
actual operating capability will be more than adequate.)

Whyshould brush type torquers still be used whenbrushless types
are readily available? This is often a matter of economy, not
merely in regard to the motor itself, but of the commutating elec-
tronics which quite often are not supplied by the motor manufac-
turer. Also, the need for an aperature disc, photo diodes and
light sources, alternatively resoivers or Hall Effect devices, to
substitute for brushes, can trade-off disadvantageously, particu-
larly whena vast catalog range of brush type torquers are avail-
able with no tooling or development costs.

Another important consideration is that the brush type dc torquer
can be used at temperatures well below the capability of the elec-
tronics neededby the brushless dc motor.
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Therefore, it would appear that, although brushes can be a poten-
tial hazard, the brush type dc torquer will remain an optimum

choice in many future long-life applications.

No review of dc torquers would be complete without reference to

the Mariner Mars 1971 gimbal actuator. It is a fine example of

design simplicity (Fig. 6). It will be observed that a specially

designed torquer is utilized having a radial face commutator, this

having been necessitated by physical size limitations of the actua-

tor. This torquer was designed to provide sufficient torque to

permit the ball screw to be operated directly without need for

gearing. The 94% efficiency of the ball screw was therefore not

prejudiced. Feedback sensor is conveniently located inside the

ball screw.

h. Induction Motors - There are many varieties of induction

motors; single-phase, two-phase, three-phase, servo-versions, high

speed conventional types, low speed pancake types, and canned ver-

sions. All are used in the space program. Each one was selected

because of specific attributes which have proven advantageous in

comparison to other types of motor.

Since (i) dc power is basic to all spacecraft, (2) an ac power

source dictates the use of an inverter, and (3) since an ac motor

has a less favorable power to weigh relationship compared with dc

motors, it becomes even more evident that the adoption of ac motors

must offer definite advantages, at least for certain types of ap-

plication and environmental conditions.

Induction motors offer a comprgmise between the hysteresis synchro-

nous and the brush type dc motor in that they are normally designed

to provide only a small variation in speed over their full oper-

ating torque range.

This normal type of ac motor is available for either single-, two-

phase or three-phase supply. The single-phase arrangement should

be avoided since it merely utilizes a two-phase motor with a capaci-

tor to produce the second phase with considerable loss of effi-

ciency especially if the capacitor has to be sized for starting
conditions.

.

!

i
!
!

i

II-18



(a) ASSEMBLED ACTUATOR

_) CUTAWAY VIEW SPINDLE

PAIR BALL

BEARI NG S

TORQUE

SPRING LOADED SHAFT SEAL

..... 7 F

ROD END

NECTOR J
BALL SCREW ASSEMBLY

Z

\

LINEAR MOTION TRANSDUCER

PROBE

END PLATE

• UNIVERSAL

JOINT

Figure 6 ;._riner ;._rs '71Gimbal Activator

Courtesy of Jet Propulsion Laboratory Pasadena, California 11-19



An illuminating exampleof the use of this type of motor is in
the Horizon Scanner as used on over 300 Agenavehicles. Early
models used a conventional high speed induction motor which neces-
sitated the incorporation of reduction gearing to drive the scan-
ning prism. For greater life and reliability a direct operating
(without gearing) pancake induction motor was substituted in later
versions (Fig. 7).

Another important application of the pancake type of inside/out
induction motors has been for Reaction Wheels on manysatellites
such as NIMBUS,OAO,OGO,POGOLES, VELA. They have provided
years of continuous and satisfactory operation at speeds in the
order of 1200 rpm. It will be noted that the unit is completely
sealed and pressurized. See Fig. 8 for a typical installation.
It must also be observed that alternative designs of Reaction
Wheels using similar but more compact configurations and vacated
instead of pressurized have also provided years of satisfactory
service.

Two-phaseand three-phase motors are of equal efficiency and power
to weight ratio; the choice of which to use could be a matter of
inverter preference or simply a matter of availability.

Induction servo-motors are of two-phase construction. They are
designed for higher slip levels and provide a linear speed torque
characteristic very similar to a dc motor. However, the ac device
operates at high speed through a gear head, without brushes;
whereas, the dc torquer avoids the gearing but does require
brushes; It is a trade-off situation dependent on application
requirements (duty cycle and life, etc) versus environmental
constraints. The overriding possibility is that the final selec-
tion maybe dictated simply by the geometry of the motors, pan-
cake versus conventional, one or the other being impossible or
inconvenient to incorporate into the available envelope.

A very successful application of a two-phase, 400 Hz ac servo-
motor is to the ScanPlatform Actuator on Mariner, located in a
sealed enclosure. That on NimbusI for driving the Solar array
failed after one month due to excess bearings temperatures and
lubrication failure. Larger motors proved successful on subse-
quent Nimbi.

II-20



_1-,.,, ! I I I f-_ " . _ ::J . _ >'-Ow i _ _

_,_ I i U __,._ _ _ === E._

_ - e >,

"o

• : _ _ ._

_o

-- --Z --_

_ _ _o_

"ii

III

O_o _- E'- 8 8
e N+

8_o

_ _>_,
'_' ,_, ,l-_

o

I1,,1 t- I,"}

! 8-_._ =,__

t-

n_

t- in

0

o _-

°oO o -_

-_.r- u. _o_ .__
°Sg_

_J r" CO _

5"'
•_ _,_
ulr- _

I3

a

(5

I

(b

,-t,3
_J

b.

r_

P

._

g

%

N

II-21



Labrinth
Seal

Stator

Oil
Reservoir

Figure 8 Pancake Type of Induction Motor

Courtesy of The Bendix Corporation
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The induction motor is also the logical choice for cannedpumps
wherein the stator is hermetically sealed using a tubular membrane
between stator and rotor. A typical exampleof this is the Skylab
Airlock Coolant Pump. This has tested satisfactorily throughout
5000 hours.

Induction motors are the usual choice for wet pumps (where the
motor interior is flooded) and completely submergedpumps (such
as the Hydrogen Fuel Cell Pumpon the Apollo Service Module, which
is a three-phase unit.)

For pumping of corrosive liquids the use of a magnetic coupling
is a preferred solution utilizing induction motors. This could
also tradeoff advantageously comparedto the use of a canned motor
for long life noncorrosive liquid pumpssince viscous drag is
avoided and a less powerful motor can be used; however, there are
twice as manybearings involved with this arrangement.

i. Brushless DC Torquers - Two basic types of brushless torquers

are in use: the continuous rotation type, and the partial rota-

tion type. Both are servomotors and both compete with the brush

type torquer. All are of pancake configuration and are usually

applied directly to the driven shaft.

Of the 26 (8.6%) spacecraft applications of brushless dc motors,

approximately 62% are of the partial rotation type. This partial

rotation type involves no (electronic) commutation; and is extremely

simple, merely involving two components, the PM rotor and the

wound field. They trade-off considerably heavier than the brush

type torquer; but they neither exhibit any friction or ripple nor

do they involve brushes. A typical application of this type of

motor is for pitch, yaw and roll control of Earth Sensors, such as

used on OGO, POGO, LES and VELA; these operate on flexures instead

of conventional bearings.

The eight remaining applications utilize the continuous rotation

type of brushless dc torquer. Since these have all been specifi-

cally selected for longevity reasons, details are being presented

in Table i. It will be noted that they are all resolver commutated

and that a redundant resolver was incorporated. The arrangement

illustrated in Fig. 9 is designed for a 5 year life capability on

IDCSP/A and Skynet. The totally redundant unit, as used on Telsat,

is shown in Fig. i0.

It will be observed that many of these are for despin functions

on the more recent long life communications satellites, having

been selected in preference to dc torquers.
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Figure 9 Brushless DC Torquer Used on Antenna Drive

Courtesy: Ball Bros Research, Boulder, Colorado
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In comparison with dc brush type torquers, the dc brushless torquer

can offer approximately equal performance for the same weight;

however, the necessary resolver and electronics constitute a weight,
complexity and reliability penalty which has to be traded off

against the simplicity, yet unreliability of brushes.

Hall device commutating represents another trade-off feature which

may be used advantageously in limited temperature environments and

is under consideration for future tape recorders to eliminate the

speed reduction belts and pulleys necessary with Hysteresis Syn-

chronous motors. However, the commutating electronics is a com-

plection which must be traded off against the mechanical complexity

In regard to optical commutating, manufacturers seem to be limit-

ing this to small high speed motors.

An advantage of the brushless motor is that its heat generating

portion does not rotate; hence, heat removal is optimized. Bear-

ings do not have to carry this heat as in the case of brush type
motors.

j. Variable Reluctance Stepper Motors - These are usually used

for their small step angle characteristics; however, they do not

offer the (deenergized) detent torque feature of the PM Stepper.

One of the most interesting applications of this type motor to

date, illustrating long life capability, is the system for antenna

positioning on Intelsat IV. In this case, it drives a jackscrew

via a 4:1 gear ratio. It normally remains completely dormant,

but must remain operable should it be required to change the satel-

lite's position at any time during a 7 year life.

Bearings are burnished with MOS2; gears and jackscrew and gears

are lubricated with Lubeco 905 dry film lube.

k. Latching Stepper Motor - This type of motor is unique to one

manufacturer, Abrams Instrument Corporation. It has been used

successfully in at least 13 spacecraft applications. It is cur-

rently being incorporated into two camera installations on the

Apollo Telescope Mount.

Unlike the PM Stepper, which exhibits a dormant magnetic detent

torque of approximately 10% of its operating torque, the Abrams

motor incorporates mechanical latches. These latches are released

by the initial motion of the rotor, continued motion of which in-

dexes the output shaft, whereupon the latches are redeployed.
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On OAOII, the mechanismswere gold-plated and the plain bearings
in the armature (where it rotates on the output shaft) were sup-
plied in Rulon instead of the usual dry fllm lubricated brass.
These are identified in Fig. ii.

Caution: This motor maybe unsuitable in situations where the
motor shaft is subjected to an appreciable live load. During the
return motion of the rotor, there are a few microseconds when the
latches are not holding the output shaft and under test it has
been shownto sllp a step.

£. Brushles8 DC Motors - These differ from brushless dc torquers

in the same fashion that brush type dc motors differ from brush

type dc torquers; i.e., they are of conventional (cylindrical)

configuration and are supplied as an integral working package com-

plete with bearings and the electronic and photoelectric compo-

nents for commutating, or in some instances, Hall effect devices

are used.

While these motors are very efficient, in the order of 75% to 85%j

they are nevertheless considerably heavier and more bulky than

the equivalent brush type motor. However, these motors are still

in evolution; and, thus, this situation should improve.

They compare favorable with the induction motor plus its invertor

and are eminently suitable for extended usages, such as for driving
fans. It is in thls role that they have been used in the environ-

mental systems on Gemini and Apollo and for space suites. All of

these have used the photoelectric method of commutation.
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Bo
GUIDELINES FOR LONG-LIFE ASSURANCE

i,

Ungeared induction motors and PM stepper motors are currently

registering up to five years of continuous operation in hermeti-

cally sealed environments at 1500 rpm. In laboratory conditions,

eight years have been accomplished. Other high speed ac motors

(brushless) derated to 3000 rpm have achieved up to 3½ years con-

tinuous operation with and without gearheads, hermetically sealed

or with molecular shaft seals. In all cases, fluid lubes were

used.

Very slow speed brush type motors at 30 rpm are still operating

satisfactorily after 4.6 years, but other brush type motors op-

erating at 150 rpm failed after approximately 7 months from either

brush, commutator, or lubrication problems. Commutator diameters

were almost identical in both instances; thus, the brush linear

velocity on failed units was five times that of units still op-

erating. Wet lubes were used in all motors.

Specialty applications of motors to pumps and fans are covered in

appropriate sections chapter V.

Brushless despin motors at i00 rpm, still operating after 3½ years,

are destined for a 7-year life.

Apart from the brush problem of dc motors, bearings and their
lubrication constitute the primary life limiting feature of motors

in satellite applications. The following guidelines concentrate

on means to enhance the current state-of-the-art for assurance

of optimum life by "designing in" the necessary reliability and

life.

Application and Design Guidelines

i) Employ minimum gearing between motor and load. Low gear ratios

require less gears and bearings and allow larger gears that

have more durable gear proportions.

2) Use the largest bearings consistant with design constraints.

Larger bearings are: better resistant to brinelling and false

brinelling, have lower contact stresses (longer fatigue life),

and are stiffer (higher natural frequency).
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3)

4)

5)

6)

Use low speed, multipole, pancake motors in preference to high

speed motors. The shorter, bearing span in the motor provides

a higher natural frequency to the rotor shaft. Also, better

heat transfer from winding through the casing to the heat sink

(bypassing gearing) is provided. They can be mounted more

solidly, reducing vibration amplification.

(Note: It should not be construed that high speed of itself

is a hazard. But, as long as speed reduction is in-

volved, it should be accomplished with the minimum

feasible gear ratio.)

Use wet lubricants in preference to solid lubrication (ambient

temperatures permitting) because:

a) Boundary lubrication with wet lube (or grease) is prefer-

able to that obtained with solid lubrication.

b) Wet lube is a better heat transfer medium, allowing bear-

ings to dissipate conducted or generated heat more readily.

c) Ability of wet lubricants to operate in EHD or partial

EHD regime. Life is limited only by lube film endurance;

the wear is insignificant.

Use a channelling type grease when using grease for rolling

contact bearings. This allows the balls to form a channel

which the_consistance of the grease is designed to sustain.

Friction is thereby minimized. Oil will bleed into the ball

track from residual grease.

(Note: Grease may be preferable for rolling contact bearings

instead of oil in order to acquire higher viscosity in

low speed gearhead (or motor) bearings. This permits

operation in a preferred lubrication regime.)

For motors that will be repetitively subjected to earth envi-

ronment and space vacuum; (i.e., shuttle operation) the fol-

lowing policies are recommended:

=
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a) Use hermetically sealed motors and gearheads when the out-

put shaft speed is 200 rpm* or less and wet lube is feas-

ible. This excludes contaminating and humid conditions

when in the earth environment. It avoids outgassing con-

taminant from the motor and prevents lubrication loss by

evaporation when in space.

b) When a brush type dc motor is employed above -10°F, and

the service life is less than 400 hours, utilize a mois-

ture content in the encapsulated gas of 2 grains of H20/

ib of air in conjunction with high altitude carbon-

graphite brushes. Moisture acts as a lubricant for carbon-

graphite.

c) In lieu of Item b) above, consider the use of a direct

acting frameless dc torquer, with or without brushes.

Use a molecular shaft seal. The advantages are simplicity,

sturdiness and elimination of high speed bearings and gears.

d) For high speed motor applications (no gearhead), use mole-

cular shaft seal and lubricant reservoir system. This

type of seal introduces no torque penalty.

e) On slow speed, high torque applications, elastomeric shaft

seals may be feasible to enable the motor to be pressur-

ized with an inert gas (i.e., power hinges on booms).

Elastomeric seals will exclude contaminating and humid

conditions when in the earth environment. They also avoid

the complexity of hermetic sealing and prevent lubrication

loss by evaporation.

f) Use either metallic or viton bellows for sealing motor

actuators with linear output. Pressurize interior to ½

atmospheres with inert gas. This will exclude contami-

nating and humid conditions when in earth environment.

will prevent lubricant loss by evaporation in space.

It

7) For long brush life on dc torquers, utilize cartridge type

brushes instead of the usual cantilevered spring type.

Longer brush lengths can be used to accommodate the higher
brush wear rates in vacuum.

*This speed limit is somewhat arbitrary; it is assumed _hat below

this speed, torque levels should be high enough to handle the addi-

tional load of the hermetic sealing without serious penalty.
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8)

9)

10)

ii)

12)

13)

14)

Avoid the use of silicone oil in brush type torquer applica-

tions. If oil migrates to the commutator, arcing may cause

decomposition and result in a film of silicone on the commu-

tator.

When using silicone lubricants, pay special attention to the

minimizing of oil migration. Barrier films may be used. A

preferred alternative is teflon components sandwhiched be-

tween bearings and housing. Employ teflon coating of molec-

ular shaft seal surface.

When using molecular seals and reservoirs, locate reservoirs

immediately adjacent to each bearing such that oil migration

is facilitated. Bearing lubrication does not rely entirely

on vapor condensation.

Also, locate a reservoir adjacent to the motor winding to

quickly generate an oil vapor following inoperative periods

at low temperature.

When using molecular seals and reservoirs, prewet all inte-

rior surfaces of the motor with a film of oil to avoid un-

necessary loss of reservoir content.

When using molecular seals and reservoirs, incorporate an

air filter into the body of the motor to bypass the majority

of air flow from the molecular seal. Filter must provide

high laminar flow and low molecular flow compared with the

molecular seal. The air filter avoids particulate contamina-

tion of bearings and molecular seal.

When using molecular seals and reservoirs, in conjunction

with a brush type motor, special care must be exercised to

maintain an optimum film thickness on the commutator. An

excess of oil may be as detrimental as an inadequacy. The

optimum film thickness will help optimize brush wear, minimize

arcing and avoid lubrication degradation.

15) When using grease lubed ball bearings, select cartridge type

bearings (this does not apply to angular contact bearings).

These are longer than standard and permit a larger charge

of grease.

16) When using shielded bearings, insure that shields are leak-

tight where they interface with outer race to prevent creepage

loss of lube from bearing.
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17)

18)

19)

For EHD or partial EHD operating conditions, use precision

bearings ABEC 7 or ABEC 9 grade with following overriding

tolerance and finish requirements. These are prerequisites

for proper EHD or partial EHD operation. When using bear-

ings to the below tolerances, housings and shafts must be

manufactured to similar accuracies of peripheral roundness

in order to maintain bearing accuracy after installation.

- Race groove, OD and peripheral

roundness and eccentricity: 0.000010 in. max TIR

- Cross-Race departure from

constant radius (in ball

contact region): 0.000010 in. max

- Surface finish -balls: I microinch rms

- Surface finish - raceways: 2 microinch rms

- Visible damage, asperities,

blemishes (at 40X) on balls

or in ball path of raceway: None

- Ball roundness: 0.000003 inches TIR

- Ball accuracy within any

bearing or batch: 0.000005 inches

Use 52100 consumable electrode vacuum melted alloy steel

bearings except when a corrosion hazard exists, otherwise

utilize 440C melted in the same manner. The 52100 exhibits

fewer inclusions even when consumable electrode vacuum

melted. It also has minimum dimensional change with time.

Use ABEC 7 quality bearings for maximum assurance of quality,

quality control, precision and cleanliness. When greater

clearances than normally associated with the ABEC 7 grade

are essential to accommodate for dry film lube thickness,

the same quality precision and quality control provisions

should be maintained. The same applies to instances where

ABEC 9 tolerances may be necessary in order to meet preload

or stiffness requirements.
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20)

21)

22)

23)

24)

25)

Use porous, vacuum oil impregnated ball separators, either

laminated phenolic, nylasint or porous polYimid. Emphasis

should be placed on using the latter material which, although

of recent origin and not cataloged, appears to offer consid-

erable advantage. Polyimid has higher porosity than lami-

nated phenolic, and is more readily (and accurately) machined

than nylasint.

Exercise extreme care when cleaning and vacuum impregnating.

Use procedures developed by NASA Goddard as a guide which

are given in Section E. These ensure thorough removal of

preservative oil applied by the bearing manufacturer, sat-

isfactory wettable surfaces and maximum oil capacity of the

porous material.

To accommodate extremes of temperature, anchor the rotor

longitudinally with one bearing. Accommodate differential

thermal expansion and contraction by allowing axial float

on the other bearings. This will avoid excessive thrust

loads on bearings due to thermal expansion and/or contraction.

To prevent brinnelling of bearings and housing, avoid the

arrangement where both bearings float, except under the

mildest vibration and temperature environments.

Utilize housing materials (berillium or titanium) with a

temperature coefficient of expansion compatible to that of

the rotor, when operating temperatures vary widely. This

will:

a) Minimize change of bearing accuracy, dimensions, friction

and loading with temperature change;

b) Permit minimum clearance to be used on the floating bear-

ing, thereby avoiding false brinnelling between housing

and outer race;

c) Permit smaller air gap (better motor efficiency);

d) Minimize thermal strains between stator and housing.

Alternately to 24) use "comparability" bushings in the hous-

ing for the same reasons; except the last.

i[ i
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26) Use symmetrical bearing housing geometry to avoid distortion
of bearing bores (and of the installed bearings) due to
assymmetrical temperature expansions or contractions.

27) Close control of the housing/bearing and shaft/bearing fits
are essential. The degree of interference changesbearing
clearances and contact angle; and in the case of duplex pre-
loaded bearings, spring rate is modified. Hence, when these
parameters are important, bearing bores and OD's should be
custom coded so that they can be matched to housings which
provide the required fit.

28) It must not be assumedthat the catalog recommendedfits for
a particular bearing will suffice whenminimal lubricant
films are involved. This is particularly true where a tem-
perature differential maydevelop between inner and outer
race. Clearance fits maybe necessary under room temperature
assembly conditions in order to acquire optimum running con-
ditions at operating temperature. Material selection for
shaft and housing mayhave to be determined on the basis of
these considerations. Fits must be individually computedin
such circumstances.

29) Whensubject to extreme vibration levels and duration, design
the rotor assembly such that its resonant frequency is sub-
stantially above the maximuminput frequency. Using a duplex
angular contact bearing at one end of the rotor and a radially
preloaded bearing at the other end can facilitates this.
Match bearing spring rates as closely as possible. These
approaches will minimize amplification of input G levels to
ameliorate false brinnelling hazard to bearings.

30) Alternatively to the above 29), the use of vibration isolators
should be investigated to ameliorate false brinnelling hazard
to bearings.

31) Mechanical worst case analysis shall be invoked to give max-
imumvisibility to the combined effects of environment ex-
tremes in conjunction with manufacturing tolerances (includ-
ing eccentricities, nonparallelisms) and the effects of op-
erating temperature. Suchanalysis shall constitute a perma-
nent part of the design record and be subject to approval by
the contractor. Worse-case analysis will:
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a) Provide a cost effectivity measure to minimize development

and qualification problems;

b) Assure that manufacturing tolerances are determined sys-

tematically, nor arbitrarily; i.e., their full ramifica-

tion on motor or bearing configuration being duly

evaluated by means of the worst-case analysis;

c) Force consideration of the effects of temperatures, sys-

tematically evaluated and not left to intuition;

d) Insure close control on the tolerances and factors which

influence bearing misalignment.

Process Control Guidelines

i) Preserve utmost cleanliness of bearings. Demand whiteroom

assembly and packaging to Federal Standard 209a, Class i00.

Also, require ultrasonic cleaning of parts followed by a wash

and p@rticle count. Cleanliness is essential for low fric-

tion, low wear and maximum life, especially for high speed

applications and EHD operation.

2) Individually inspect each bearing and its components for ac-

curacy and maintain a permanent record of the following param-

eters:

a) Raceway peripheral roundness and wavyness;

b) Eccentricity of ball path to OD or ID;

c) Cross-race profile at ball path;

d) Surface finish of balls and raceways;

e) Boundary dimensions;

f) Ball retainer dimensions including the bearing land diam-

eter and roundness where it engages raceway;

g) Electronic (noise) analysis of the assembled bearing as a

further check on integrity of running surfaces. See

Reference 13;

h) Breakaway and/or running torque.
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3)

4)

5)

6)

7)

8)

9)

Inspect all raceways for imperfections using a 40X minimum

magnification. There shall be no evidence of inclusions,

comets, furrows or pits in the ball path. These will help

optimize conditions leading to prolonged lubricated life.

Inspect ball retainers not only for accuracy and cleanliness,

but also for complete freedom from burrs. Burrs constitute a

serious contamination hazard in that they can work free dur-

ing the life of the bearing.

Lubricant or preservative should be applied to bearing using

a 30-micron absolute filter on the syringe* (i.e., ASTM 325

mesh screen) for added assurance of lubricant cleanliness.

Contamination level of lubricant to be strictly observed and

checked by QC prior to use. For greases, the following clean-
lininess level shall be observed:

- In any m/litre of grease there shall be no more than i000

particles between 25 and 75 microns and no particles in ex-
cess of 75 microns, t

For oil lubricants invoke National Aerospace Standard 1638,

Class O, for added assurance of lubricant cleanliness.

Each batch of lubricant shall be individually tested to insure

that properties are within specification. This shall include

evaporation rate, viscosity, vapor pressure, pour point and

viscosity index as a minimum. This will avoid the wide varia-

tion of properties for which different batches of the "same

lubricant" are notorious.

Bearings utilizing dry film lubricants shall be run-in to de-

velop a tenacious ball track. Following this operation, the

bearing shields shall be removed and debris resulting from the

run-in shall be removed. This run-in may be accomplished prior

to assembly into the motor whenever ball loading can be accu-

rately simulated as in the case of angular contact bearings.
This should alleviate contamination as a failure mode.

*These are tentative suggestions pending further investigation

into the topic; see recommendation of Section 2c.

tThis cleanliness level is being proposed for Revision B of MIL-G-

81322 and represents optimum cleanliness, such greases being made

under white-room conditions.
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I0) Bearing installation in housings shall be conducted in ac-

cordance with a written procedure under rigid inspection.

This process is critical to proper bearing operation and must

be performed with care and precision. The written procedure

is to insure that the same (satisfactory) procedure is fol-

lowed on subsequent production lots.

il)

12)

When ultrasonically cleaning assembled bearings, they shall

be suspended and not allowed to rest on the bottom of the

tank. This avoids false brinnelling hazard.

White room assembly conditions (properly supervised and con-

trolled) should be regarded as essential for the more criti-

cal motor applications, particularly those involving EHD lub-

rication. Laminar flow bench assembly and test should be

adequate for motors of less criticality; i.e., of low speed

or where brushes will quickly generate debris. However,

items such as bearings, which are white room processed, must

be depackaged on the laminar flow bench.

13) Inspect commutator for freedom from burrs to eliminate brush

wear hazard and possible bearing contamination hazard.

Test Guidelines

i) There is no point in qualifying a purely nominal configuration

when it is the extremes of manufacturing tolerances which pre-

sent the maximum hazard. A realistic qualification policy is

required. Multiple qualification test units shall be employed,

(in a cost effective manner) embodying the worst case extremes

of manufacturing tolerances such that qualification can be con-

sidered to cover any permutation of manufacturing variables.

2) Acceptance testing shall include an extended run-in test where

load, environment and heat sinking is simulated.* This shall

be followed by a room temperature baseline performance test.

Performance, including winding resistance and bearing or bear-

ing housing temperatures, shall be continuously monitored.

*Usually of severa! hours duration, depending on service life and

duty cycle. As much as 200 hours have been demanded; the longer

periods pertain to geared head motors to detect infant mortality

of the slower bearings.
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This record shall extend to any prior wear-ln or run-in process

during manufacturing and shall evidence no perturbation from

normality. Bearing noise should be intermittently monitored.

The test provides an opportunity for "infant mortality" fail-

ure mechanisms to develop and any other abnormality trend to

be detected.

3) Testing of bearings has been largely covered under the topic

of Process Controls, where noise and breakaway torque tests

are specified. Also recommended are stringent microscopic

tests of individual components, which could also be regarded

as tests.

A test instituted for gyro bearings, measures surface wettabil-

ity, assessing the surface for contaminations which negate the
effectiveness of fluid lubricants. It is submitted that the

wettability test be conducted either periodically or once per

production run. This would assure cleanliness of processes,

and check on housekeeping measures and white room atmospheres.

II-41



C|

l,

LIFE LIMITING PROBLEMS AND SOLUTIONS

As signified in the introduction, every motor application involves

its own combination of environmental, functional and installational

problems. It is most unlikely that any one particular motor will

prove ideal from every aspect. Compromises will be necessary.

The optimum motor for a particular situation is that which involves

the least amount of compromise--and this will naturally involve

economic considerations (such considerations, however, do not con-

stitute part of this study). Meticulous trade-off studies will

be necessary.

The information in this chapter is designed not only to assist in

the selection of the most appropriate type of motor, but also in

the evaluation and determination of detail design features.

In regard to the analysis of failure mechanisms: while it is im-

portant to know how to overcome problems after they have arisen,

it is even more important to know how to design the product so

that problems won't occur, i.e., to design reliability into the

product. Section 2. below will be directed toward this end. Sec-

tion i. will reference appropriate sections of 2. whenever per-

tinent solutions are examined in greater detail.

Failure Mechanism Analysis

The only motor failure mechanisms on spacecraft reported to date

have related to bearings and their lubrication, and to brushes and

commutation.

This analysis has, therefore, concentrated on these failure modes.

Table 2 delineates the types of failure mechanism, cause and solu-

tion, associated with each failure mode.
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Since bearings and lubrication are the acknowledged and proven

life limiting elements of motors, emphasis has been placed on the

examiL_ation of bearing fatigue life and reliability and the types

of lubrication systems which enhance long life. Design features

are explained by reference to illustrations of successful schemes

in use at the present time.

Emphasis has also been placed on determining practical methods of

combatting the severe vibrational conditions that will be experi-

enced in applications on Shuttle type of programs. In addition,

methods of bearing installation which overcome the problem of

differential thermal expansion between motor housing and rotating

assembly are reviewed.

The review of bearings and lubrications systems will be limited

to ball bearings as utilized in motors for space applications where

temperatures extremes do not exceed -200°F to 300°F.

While the purely electrical elements of motor construction have

not exhibited spaceflight problems to date, it is conceivable that

the more severe environments of space Shuttle type programs could

have drastic effect on potted windings, hermetic glass sealed ter-

minals and electrical conductors. Except to suggest that current

state-of-the-art motors should be subjected to investigation under

the increased severity of environment, no attempt will be made in

this study to provide solutions to these potential problem areas.

a. Bearings and Lubrication Systems - Wear must be virtually

eliminated for bearings to achieve their ultimate life capability,

i.e., their fatigue life. Fluid lubrication (with nominal film

thicknesses) offers this opportunity. In fact, fatigue life is

predicated on this. Hence for long life, every reasonable effort

must be pursued to facilitate the successful incorporation of

fluid lubrlcation.

Fluid lubrication also offers the opportunity of operating in the

partial or full elastrohydrodynamic regimes of lubrication where

substantial improvements in life are achievable. EHD theory has

developed to a level of usefulness. The latest ASME recommenda-

tion in this regard will be discussed and related to aerospace

requirements later in this section.
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Lubrication selection is almost always a compromise. Not only
must the selected lubricant provide adequate lubricity and visco
pressure characteristics over a specified temperature range, but
its oxidation and thermal stability will assumemore or less im-
portance according to the type of environment and duty. For in-
stance, in certain motor applications, a relatively small increase
in torque due to lubricant oxidation or polymerization could con-
stitute failure. Also of paramount importance is evaporation rate
and vapor pressure. Aggravitating the overall situation, is the
fact that, whereas high viscosities can place a slow speed bearing
in a favorable lubrication posture, friction will increase (accord-
ing to the 0.66 power of viscosity) thus demandingmore power from
the motor and introducing still further compromises.

Obviously, a lubricant with a favorable viscosity-temperature
coefficient is preferable for extreme variation of operating tem-
perature. However, final selection must take into account the
amount of running at any particular temperature such that viscos-
ity range will avoid boundary conditions for the maximumamount
of operational life.

Whenappreciable periods of boundary operation are unavoidable,
special emphasis should be placed on selecting a lubricant with
good boundry lubrication characteristics. Unfortunately, the sili-
cone lubricants which have excellant viscosity index rating are
notoriously poor boundry lubricants.

Operating temperature levels not only dictate the type of lubri-
cant to be used, but associated structural expansions and contrac-
tions must be accommodated. Methods of overcoming these problems
are reviewed under the caption of "Bearing Selection and Installa-
tion." These techniques pertain regardless of whether solid or
fluid lubrication is used.

Heat generation in the bearing as a result ol ball skidding or
sliding and retainer instability must also be considered. While
preloading tends to unify ball loading and alleviate ball skidding
and sliding and the ball/ball retainer interface problems, the
additional load increases torque, friction and heating. In the
case of induction motors, the fact that rotor heat must be con-
ducted through the ball contacts into the housing further compli-
cates the issue.
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Amelioration of this situation can be achieved if the cruciality
of temperature to long life lubrication is recognised and action
is taken during the conceptual stages of spacecraft design to lo-
cate motorized devices as beneficially as possible. For compre-
hensive information on the wide variety of fluid lubricants avail-
able, reference should be madeto Part B of the L_rication Hand-

book for Use in the Space industry available from:

D. E. Lyons
A&TS-PR-M

Office of Procurement & Contracts NASA

Marshall Space Flight Center

Huntsville, Alabama, 35812.

I) Fatigue L_fe A_'ustment Factors - The basic dynamic capacity

of bearings, based on fatigue life, was established by the Anti

Friction Bearing Manufacturers AssOciation (AFBMA) in 1949. It

still represents the basic datum point from which actual load/

life capability of a particular bearing arrangement may be pre-

dicted or extrapolated. It assumes that the bearing will fail

from no other reason than stress fatigue and that the following

conditions will prevail:

i) Proper installation; i.e., no misalignment, etc;

2) Favorable fluid lubrication; now regarded as partial EHD;

3) Through hardened steel races of 58 Rc hardness;

4) Nonflexible bearing rings;

5) Zero clearance;

6) Inner race rotation;

7) No contamination.

Fatigue was assumed to result from subsurface shear stress rever-

sals as the balls passed through their loading cycle. It is pre-

cipitated by a subsurface imperfection in the races, resulting in

a classical spall failure. Since the incidence and dispersion of

imperfections is random in nature, the establishment of life values

was necessarily based on statistical evaluation of multiple test

results. (This effort represents one of the earliest and now

classical examples of Weibull statistical analysis.)
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Since 1949 numerousadvances associated with melting, metallurgy
and manufacturing techniques have improved the life potential of
bearings considerably. Also, considerable insight has been gained
into the mechanismof rolling element lubrication, resulting in
the technology of elastohydrodynamics. This takes into account
the elastic properties of the rolling elements in conjunction
with changes in viscosity of the lubricant due to the pressure
at the rolling element interface.

The manner in which this new technology affects bearing life capa-
bility has recently been investigated by the Rolling Elements
Committee of the Lubricants Division of the ASME. They have pub-
lished a very useful design guide entitled: Life Adjustment Fac-

tors for Ball and Roller Bearings, dated September 1971. This

design guide, formulated by foremost specialists from the bearing

industry and research institutions, is based on the results of

world-wide investigation. Sixty-seven research programs and

technical papers are covered and referenced. It identifies five

multiplicative factors by which to modify the basic relationship:

such that

LA = (D) (E) (F) (G) (H) (C) n

where:

C = Basic load rating;

P = Static equivalent load;

n = Load life exponent; 3 for ball bearings, 10/3 for roller

bearings;

D = Life adjustment factor for materials technology improvement;

E = Life adjustment factor concerning metallurgical processing im-

provements;

F = Life adjustment factor dependent on lubrication regime;

G = Speed effect factor;

LA = Expected bearing life.
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It is important to observe (in the words of the design guide) that
the above factors merely; "extend the engineering approximations
which are illustrated in most bearing manufacturers catalogs and
provides information that will be of most use to the engineer."

Usually the above factors result in a life improvement; however,
in the case of factor "D", materials other than 52100 result in

a life reduction. It will also be observed that 440C stainless

steel (which is often used in spacecraft applications to avoid

possible corrosion) is not listed. In view of the considerable

difference of opinions concerning the relative life capability of

52100 and 440C, it is suggested that a value of D = 1.0 be used

for 440C, pending authorative data. However, the same processing

factor E l , of 3.0, should be used for 440C, providing that it is
consumable electrode vacuum melted.

In regard to the lubrication factor F, it will be noted that many

of the customary aerospace lubricant, including silicones, fluoro-

silicones, synthetic hydrocarbons and perfluoroalkypolyether are

not referenced; hence, the lubricant manufacturer must be con-

sulted for viscosity/pressure characteristics and the (_a) 0"7

value computed independently of the design guide.

An important feature which is not discussed in the design guide

is the problem of lubrication starvation. This can occur in non-

flooded bearings due to the inability of the oil film to replenish

itself between passage of one ball and the next. This phenomena

could very readily pertain to spacecraft bearings since they us-

ually have to operate with minimal amounts of lubricant. Hence,

every effort should be made to operate with a high A factor. The

use of optimum surface finishes on the rolling elements is one

means towards this end; however, the validity of high A factors

achieved by ultra fine surfaces is still unproven. Apparently,

wavyness and accuracy of rolling element geometry also enters into
this consideration.

The speed factor which takes centrifugal force into account will

not be applicable in the vast majority of motor bearing applica-
tion because their DN values will seldom exceed 0.4 x 106 .

Having applied all these factors to the catalogue value, we

arrive at an adjusted LI0 life; but we have not improved on the

nominal 90% reliability. This is unacceptable for aerospace ap-

plications. Figure 12 provides a reliability adJustme6t factor

applicable to either life or to load rating function.
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Figure 12 Life Adjustment Factor for Reliability

Courtesy of SKF Industries

King of Prussia, Pennsylvania
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One-hundredpercent reliability maybe achieved by factoring the
basic dynamic load rating "C" by (0.05)I/3; i.e., C is reduced
by 63%. The effect of this no failure derating factor is to re-
duce contact stresses to a level below the endurance limit. Alter-
natively, at maximumload rating, LnF = 0.05 LI0, nlnety-nlne per-
cent reliability is achieved with a factor of 0.2, equivalent to
a load rating reduction of 42%.

The foregoing life and load rating and derating considerations
pertain only to fluid h_ricated bearings and assumesthat there
is no failure modedue to wear. It is of little benefit to the
sizing of dry film lubricated bearings; however, such bearings
are less likely to be selected for long-life applications. When
they are, the guess and test method of selection is the only ap-
proach using the limited amountof published test data as a guide.
This topic is reviewed in Section C.2.a.4.

It is reemphasized that the foregoing life/load rating system and
environmental factors provide "engineering approximations _' and
that: "very often these environmental factors, considering vary-
ing applications, bearing configuration, and bearing rating, be-
comeexceedingly complex so that problem solution in reasonable
time requires high speed computers and more information than is
readily available to most engineers."

2) Bearing Vibration Problems - Vibration environments have

always been a hazard to rolling contact bearings particularly if

resonant modes were experienced. With the more severe vibration

environments predicted for Shuttle type operations with input

levels reaching 73 gs rms or more, the bearing problem assumes

major proportions. However, not only are the g levels very high,

but the duration of exposure is long. Instead of the usual few

minutes, the duration may amount to 5 hours in each axis. In view

of these extreme vibration requirements, it is desirable to de-

sign the motor and its support structure such that resonant fre-

quencies are either sufficiently remote or will occur at low en-

ergy levels of the input spectrum, such that system response

(amplification) does not impose intolerable force levels.

As far as the rotating assembly is concerned, two stiffness values

impose different resonant modes; actual resonance being a resultant

of both modes. The inherent structural stiffness of the motor

shaft determines one mode, the other by the stiffness of the bear-

ings. Shaft stiffness is a function of its length and diameter;
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thus the pancake type motor may have advantages in that its shorter,
larger diameter shaft will tend to raise the resonant frequency
whenviewed as a beam. This can be adjusted by varying the bear-
ing preload, race geometry and ball compliment.

In the axial direction, bearing stiffness is the primary determin-
ant of resonant frequency and represents a simple single degree
of freedom system. In the lateral direction, a two degree of
freedom system is involved because of the two bearings. Also two
different resonant frequencies are involved unless both bearings
are of equal stiffness and rotor is symmetrical. This is where a
prime difficulty lies since preloaded (angular contact) bearings
need to be incorporated at each end of the motor shaft in such
manner that ambient and operational temperature changeswill have
insignificant affect on preloading. Furthermore, it is preferable
to utilize preloaded bearing pairs since these provide stiffnesses
in the order of millions of pounds/inch; but it is even more dif-
ficult to incorporate these at both ends of a shaft.

The arrangements of Fig. 13b and 13c are probably the best practi-
cal compromisesusing readily available bearings. However, while
the high stiffness of the duplex bearing is beneficially utilized
to achieve a high resonant frequency in the axial direction, it
doesn't have the samebenefit in the transverse direction since
the floating bearing will lower the resonant frequency in this
direction. Ideally, the floating bearing should have a radial
stiffness equal to that of the anchored bearing.

Figure 14 mayoffer a more optimized solution. It uses a radially
preloaded roller or ball bearing at the floating end of the rotor.
This also offers the advantage that the outer race of the "float-
ing" bearing no longer needs to float. The rolling elements,
although preloaded, can accommodatethis feature. It will be
noted in the case of the floating ball bearing that the outer race
contains no raceways thereby leaving the balls free to travel
axially relative to the outer race. The inner racewayswould re-
strain the balls axially. Since the ungrooved outer race is liable
to introduce high contact stresses, two rows of balls mayprove
advantageous as illustrated.

Existing methods of radial preloading of bearings utilize a tap-
ered bore in the inner race which engageswith a mating taper on
the shaft. A nut is then used to force the inner race along the
taper. The resulting expansion creates a radial preload. The
disadvantage of this method is that it relegates the responsibility
of acquiring the correct preload to the motor manufacturer.
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The scheme of Fig. 14 avoids this problem and would permit the bear-

ing manufacturer to control the preload by precision control of
dimensions. The outer race would have to be assembled over the

rollers or balls at an elevated temperature. Selection of the ap-

propriate ball or roller diameter is the obvious means of deter-

mining the extent of preload. Cross sections of races should be

substantial to avoid dimensional change and resulting change in

preload and stiffness caused by interface fits in housing or on

shaft. ABEC 9 tolerances would be required to render this practi-

cal. (The writer is unaware of any existing application of these

concepts. Because of the importance of minimizing vibration fail-

ures of bearings, especially in view of the seriousness of the

problem on Shuttle, it is submitted that these concepts should

be explored by means of a separate study contract.)

The preloading necessary to achieve a specific bearing stiffness

may well exceed the loads imposed as a result of motor operation.

Hence, the bearing selected must not only provide the required

stiffness, but it must provide the required life at 100% reliabil-

ity at the load which provides this stiffness (plus operational

load).

By avoiding resonance in this manner, system response is minimized,

i.e., the motor will be subject to minimum amplification of input

g levels. However, this could still involve several hundred gs

rms during certain flight regimes and motor location in the space-

craft. Hence a further demand on the bearing is to resist these

vibrationary forces. In some instances, the motor may be oper-

ating; but in many other instances, it will be stationary depend-

ing on type of motor application.

If stationary, the static load capability and the fatigue rating

of the bearing must now be assessed. For instance, if input vibra-

tion energy can be considered to concentrate at an average fre-

quency of i000 Hz, then the total number of stress cycles on the

bearings for the two transverse axes is:

i0 hr x 3600 x i000 = 36 x 106 cycles;

which, dependent on stress could well initiate surface fatigue.
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Bearings must, therefore, be sized to provide--

i) the necessary stiffness to avoid resonance and severe amplifi-

cation;

2) adequate fatigue life under normal operating conditions;

3) adequate capability (under vibration, fretting corrosion

conditions) to withstand millions of static load cycles with-

out surface degradation sufficiently severe to effect normal

life expectancy.

It is to be noted that the derating procedure recommended in

Section C.2.a.l to use a larger bearing than would otherwise be

selected, also provides a higher static load capability (which

is not derated). Thus it may meet the requirements of 3) above

without resorting to an even larger bearing.

Vibration loading of a stationary ball contact involves plastic

flow combined with a fretting corrosion type of wear. The latter

is due to the fact that there is no rolling contact to develop a

film. In the case of a rotating ball contact operating in the

EHD regime, a lubricant film cushions the effect--film thickness

being relatively immune to load. Stationary ball contacts have

been investigated (Ref 2 and 3) at accelerated loading rates of

28,000 Hz and involving Hertz stress levels to 750,000 psi.

In these experiments, false brinelling (fretting corrosion) left

indentations up to 50 microinches deep; whenever fatigue and

spalling occurred, identations were twice this depth. Both values

exceed the criteria for stati¢ load rating, i.e., that deflection

should Jot exceed 0.0001 of the ball diameter. However, Hertz

stress levels were very high. It is submitted that static Hertz

stress levels be limited to the conventional figure of 300,000 psi;

then the effect of fretting corrosion due to vibration on normal

life should not be severe.

Any of these preloading provisions will have a substantial effect

on bearing torque which will have to be accommodated by the motor.

Hence, severe vibration environment results in a larger, heavier

motor than would otherwise be necessary.

If all these measures fail to alleviate severe amplification of

input levels, vibration isolation can be resorted to; but this is

often impractical. The only remaining solution is to design the
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bearings to accept the full impact of an unfavorable system re-
sponse (i.e., high amplification factors). The design must then
accept the complications and expensewhich accompaniesa limited
bearing life; i.e., the maintenance of a replacement and refur-
bishing service. If this latter approach is adopted, then static
load rating will probably be the major criteria governing bearing
selection.

The resonant frequency of the motor housing must not be overlooked.
It will also need to be tailored to the situation. In this case it
maybe advisable to adopt a low natural frequency; however, this
must be decided in conjunction with a knowledge of the input spec-
trum. It maywell be that the weight increase necessary to cur-
tail vibration amplification will be prohibitive, in which case a
short bearing life may again have to be accommodated.

As mentioned previously in regard to temperature extremes, every
effort should be madeduring the conceptual stages of spacecraft
design, to locate motorized devices in environmentally advantage-
ous localities.

3) Fluid Lubrication Systems - Even when using the lowest evapora-

tion rate lubricants, it is usually beneficial to isolate the

motor from space vacuum. For tape recorder and sealed scientific

instrument motors, and those in habitation areas, the problem

doesn't exist. But for many motors, the only solution is to seal

the motor itself. Several different methods of sealing will be

examined, using proven examples, as a means of description.

a) Shaft Seals - In the case of gearhead motors where consider-

able torque is developed at the output shaft and speed is rela-

tively low, shaft seals have proved very successful. However,

this is limited to temperature environments in which elastomeric

seals can survive. With this arrangement, the motor is pressur-

ized with an inert gas.

The Mariner Gimbal actuator of Fig. 6 is a very successful example.

During its 229 day Journey to Mars, it lost only 10% of its ini-

tial 30 psi pressurization. With the leakage rate diminishing

exponentially, it should remain adequately pressurized for many

decades.
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Since G300silicone grease with an extremely low evaporation rate
was used, there maybe someargument as to whether seals and pres-
surization were necessary for retension of lubricant and suppres-
sion of evaporation rate. But they did serve to exclude humid
atmospheres and prevent corrosion. Hence, this concept should be
of particular benefit to Shuttle type operations where environ-
ments will alternate from space-vacuumto humid air.

The linear motion output rod of this actuator is sealed with two
viton 'o' ring seals for which very exacting grooves were found
to be essential. The unit was designed for 50,000 hr life (60,000
90%full amplitude cycles) at motor speeds up to 700 rpm. Superior
384 brush material was used. Wearduring an accelerated i00,000
hr test amountedto 6%.

b) Hermetic Sealing - The advantages of hermetic sealing is

delineated in the Introduction together with figures exemplifying

several types, i.e.:

The Planocentric hermetic sealing arrangements are shown in Fig.

2 and 4. The main purpose of these particular sealing arrange-

ments was to prevent contamination, not to prevent lubricant evap-

oration. In fact, the example of Fig. 4 used solid lubrication

throughout.

Nevertheless the principle could be utilized to curtail evapora-

tion loss, but it does involve penalties. The bellows introduces

inefficiency and is also a fatigue risk; it would need to be over

designed for assurance of long life. Except for low duty cycle

applications, a brushless type motor would be essential.

Wabble Mechanism Sealing is another hermetic sealing method appli-

cable to low speed output shafts. It is illustrated in Fig. 15.

This is a Wabble mechanism and comprises an orbiting bevel gear

(probably should be termed a swash gear) and a bellows which ac-

commodates the resulting swash plate type of motion and seals at

the same time. Original design life was i0,000 hr continuous op-

eration for OGO, but it has already acquired 30,000 hr of opera-

tion without failure. It has seen 2 years of use on Nimbus VI and

will be used on future Nimbi and ERTS. In this case, the concept

was specifically evolved to enhance long life lubrication. Inter-

nal lubricants are Bray Oil's NPT 4 and KK949B. The slow speed

bevel gear mesh is exposed to space vacuum and must be dry film

lubricated. The welded metal bellows which must react to the out-

put torque is sufficiently large and over-rated that it consti-

tutes no fatigue hazard.
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The magnetic coupling, as explained earlier, is also readily adapt-

able to provide hermitic sealing but it is limited to low torques

and must be applied to the motor shaft. It is ideal for motor

drives for pumps and fans. But it loses much of its advantage

when a gearbox must be interposed since it cannot conserve the

gear lubricant.

c. Molecular Seals and Reservoirs - Ungeared motors usually lack

sufficient torque to overcome the drag load of contact type or

hermetic type shaft seals. While this definitely applies to the

conventional high speed type of motor, it very often applies to

the slow speed pancake type of motor as well. Low speed motors

often operate in servo-systems which cannot tolerate high levels

of seal friction.

In these circumstances, the "molecular" seal has proved satisfac-

tory. It consists of a close clearance fit between output shaft

and housing. Clearances have varied according to application

from 0.0003 to 0.004 in., depending very largely on the precision

grade of bearing utilized.

Such clearances are really controlled leakage paths operating at

the molecular flow level, hence the path does not need to be lab-

rinthine. In fact, the normal microscopic surface irregularities

act as a flow retardant.

The vapor pressure trapped in the motor housing will depend on

the type of oil and the ambient temperature. It will usually

reside between 10 -3 and 10 -6 torr, resulting in substantial reduc-

tion in evaporation rate compared to that at full space vacuum.

Obviously, for long life, some means of replenishing the leakage

loss must be embodied into the motor without prejudicing the

active lubricating films within the motor. Several methods have

been utilized with apparent success, i.e.:

i) Oil impregnated, porous reservoirs, and;

2) Oil impregnated ball retainers.

Some reservoir systems are intended to function by evaporation and

condensation, others by creepage and some rely on both processes.
In neither case is the exact mechanism very well understood.
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I) Reservoir8 - Reservoirs have been sized using the following

formula for weight loss rate (derived from Ref 4, 5 and 6.)

Where:

P - vapor pressure of the oil in tort

M molecular weight of vapor

T - temperature of gas in degrees Kelvin

A - area of flow path in cm 2

f - za/l, a/i should exceed 16

a = width of flow path

1 - length of flow path.

Care must be exercised to utilize molecular weights truly repre-

sentative of the vapor fraction involved. Excess capacity should

be provided since it is still conjecture as to whether molecular

seals may be subject to liquid creep of condensed lubricant vapors
(Ref 7).

Despite the unknowns regarding these reservoir and sealing sys-

tems, they seem to have imparted a large measure of success. For

instance, the arrangement of Fig. 16 on ATS III operated satisfac-

torily for four years prior to shut down due to mechanicai/elec-

tronic difficulties. It used Apiezon C oil with a long chain polar

molecular additive for superior adhesion (BBRC's Vackote). Al-

though large molecular seal clearances of 0.004 in. were used,

lubricant loss rate was calculated at 0.i gram/year (giving a

total life of 240 years) using the same basic formula as given

above.

It will be observed in Fig. 16 that the reservoir surrounds the

motor stator which is the hottest portion of the assembly. This

promotes evaporation and creates an internal pressure which will

retard evaporation from cooler areas. The loss through the seal

will be replenished primarily from the reservoir and not from

active lubricant films. In fact, these films may be augmented by

condensation. Unfortunately, this augmentation may be of a lighter

fraction with consequent dilution and decrease of viscosity.

11-74



Radiators

(b) Fail Safe Mode-
Ejection of Reflector

©

©

©

4.15 GHz

--Parabolic -

Cylinder Reflector

+:":::::Lubrication

(Oil) System

-_\\\\"Ej ection System

6.26 GHz

Parabolic -

Cylinder Reflector

Spacecraft
Interface

6.26 GHz

4.15 GHz

(a)

i
i

_Split Turntable

'--nM°t°r

_ .... coder

Firing Squib (2)

Ejector

Figure 16 Antenna System for the ATS III

Showing Oil Reservoir System

Courtesy of 7_SA Goddard Space Flight Center

Greenbelt, Maryland

II-75



In situations where the bearing may constitute the hottest local-
ity, lubricant evaporation will occur directly from the bearing.
It could eventually result in a viscous residue. Hence, in these
instances, where the condensation method could not apply, it is
probably preferable to locate a separate reservoir next to each
bearing so that its lubricant can be replenished by migration.

The extent, effectiveness and mechanismof migration is still con-
Jecture. Reservoirs could be either stationary or mounted on the
rotating element such that centrifugal force might play a part in
the migration process. Much research needs to be accomplished
in this area to enable design concepts to be engineered rather
than guessed at.

Sintered Nylon or Nylasint has been an almost universal selection
for oil reservoirs. It offers approximately 25%porosity when
vacuumimpregnated. Porus Polyimid is a new candidate with better
dimensional stability. It is also easier to machine.

Figures 8 and 9 illustrate multiple uses of oil reservoirs used

in conjunction with molecular seals. The arrangement of Fig. 8

has been operative for three years on OGO. In this case, the

reservoirs are a contingency feature to maintain adequate lubri-

cation in the event that the hermetic sealing failed. This ex-

plains the location of the "labyrinth shields." The lubricant

is MIL-L-6087. The operating speed is i000 rpm.

The antenna despin assembly of Fig. 9 embodies a labyrinthine

molecular seal and four reservoirs to serve two bearings. Two

of the reservoirs are stationary, two rotate. Lubrication is as-

serted to be by evaporation and condensation. This arrangement

has operated satisfactorily for 3½ years so far on IDCSP/A. Op-

erating speed is i00 rpm; the lubricant is wet vackote type 36194.

While the foregoing examples have been mostly low speed applica-

tions, the same basic arrangement has been used for smaller high

speed motors.

2) Resevoir Type Retainers - Synthane (phenolic impregnated

linen) and Nylasint (sintered porous nylon) have both been used

for oil impregnated ball retainers. The former is available as a

standard retainer material and is the normal recommendation for

small high speed bearings. However, when considered from an oil

retention capability, its capacity of approximately 3% is small

compared to approximately 25% for the Nylasint and porous Polyimid.
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While Synthane is considerably stronger than Nylasint, it exhibits
considerable variation of properties and structure. Consequently,
oil retention (which is largely a surface phenomenain the case
of Synthane) varies widely. While in normal applications this is of
little consequence, for space applications where the amount of
oil is critical, it is very important.

The mechanismby which the oil impregnated retainer operates is
alledged to rely on the force between ball and ball pocket, squeez-
ing microscopic amounts of oil from the surface of the retainer.
(Centrifugal force must also play a part.) The retainer is said
to absorb equivalent amounts of oil from other contact points in-
cluding the lands riding the race. Thus, a state of equilibrium
is maintained.

According to MIT, the amount of oil needed by the ball/ball pocket
interface varies with operating conditions and geometry. Oneim-
portant advantage of the sintered materials is that by varying pore
size and pore distribution_ the extent of lubrication can be ad-
justed; the amount of oil increasing as pore size is increased.

Hence, while sintered material is not as strong as phenolic, it
offers the advantage of a muchgreater oil capacity plus the abil-
ity to regulate the extent of lubrication.

Under contract from the USAF,MIT is investigating porous polyi-
mid for bearing retainers. In cooperation with the Dixon Corpora-
tion, they have developed methods by which pore size and pore
distribution can be varied (as it can be in the case of nylasint).
The polyimid material is more expensive than nylasint, but it is
mucheasier to machine. Nylasint suffers from hygroscopic dimen-
sional instability; it also has a memorywhich complicates machin-
ing. Deburring has to be accomplished in liquid nitrogen. Poly-
imid overcomesthese difficulties and at the same time offers a
muchextended operating temperature range as comparedto both
nylasint and synthane.

Other research has been conducted with polimid of very fine poros-
ity, but there have been accompanyingreports of retainer instabil-
ity problems. Such instability can result from excess friction
due to inadequate lubrication at the ball/ball pocket interface
or at the retainer/race-land interface. Very high hertz stresses
are often involved causing severe retainer wear and high bearing
friction, often increasing to serious proportions.
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Presumably each different bearing application could demanda spe-
cific pore size; a requirement which would also have to be corro-
lated with oil viscosity and temperature range. Obviously, much
research needs to be accomplished in this area before it becomes
possible for an aerospace designer to select an oil impregnated
ball retainer with assurance that it will meet the performance
specification he has in mind. In the meantime, an empirical (cut
and try) approach will be necessary commencingwith an average
pore size and pore distribution. As of this writing the Dixon
Corporation appears to be the only manufacturer prepared to sup-
ply this material in a variety of pore sizes.

Unfortunately, the porous retainer represents such a small per-
centage of sales that the bearing manufacturers cannot be expected
to underwrite the research and development necessary to corrolate
all the variables with an optimum pore size.

Phenolic retainers are offered in single and two-piece configura-
tions; the former being a race riding retainer; the latter a ball
riding retainer with conforming ball pockets which provide better
wlpe-off of lubricant. With more ball surface in contact with
the retainer, interface stresses are lower and, therefore, is sup-
posed to involve less wear. This type of retainer is in use on
certain Comsatdespin bearings which are alledged to be experi-
encing instability problems. This type of separator involves a
lower ball complement; and, thus, the aforementioned advantages
have to be weighed against the disadvantages of fewer balls and
an instability tendancy.

The improved stability characteristics of the single piece retainer
is attributed to its race riding feature, but for this to be true
it must be adequately lubricated since it is in fact a hydrodynamic
bearing. Both outer and inner race riding retainers are available.
The latter presumably would be preferrable with reservoir systems
which feed the stationary outer race Din that the retainer does
not impede oil migration into the bearing. However, this has not

been proven. It may be that an outer race riding retainer might

help to pump oil from the reservoir to the bearing. Compared to

the twopiece retainer the single piece retainer has less pocket

contact with the ball, stresses are higher and wear is said to be

greater. However, the greater ball complement_ which it can ac-

commodate, will mitigate this.
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It should be noted that the one piece retainer would be appropriate
to the angular contact bearing (either single or duplex) since
they utilize a greater complementof balls.

Another potential candidate for an oil retaining ball retainer
is a material entitled polyoil (by Polypenco). SKFunder contract
to Comsathas performed limited development work on this. The
material is highly porous and bonds directly to metallic ball
cages. Thus, not only does it offer promise of an extended lub-
rication life, but the strength of the metallic cage is retained.
Its current shortcoming is high torque--further development being
necessary to solve this problem.

3) Grease Lubrication - A grease packed bearing (usually 30%) is

the most compact type of oil reservoir. A channelling grease is

to be preferred wherein the initial operation of the bearing will

form a channel which will be fed with oil, bled from the residual

grease. One problem with grease lubrication is that upon exhaus-

tion of the oil content, a viscous residue remains causing excess

friction. A possible method of engineering further life into

grease lubrication might be to locate an oil reservoir immediately

adjacent to the bearing in-lieu of one shield_ with the grease in

intimate contact and presumable absorbing oil as it bleeds oil

into the raceway.

d) Breathing Provision - Some bearing failures from particulate
contamination have been assessed as due to the air-flow to and

from the motor housing during the course of preflight vacuum

testing. This air-flow occurs through the molecular seal and

through the bearing.

Bearing contamination results from debris within the motor being

carried into the bearing during depressurization and from exter-

nal contamination during pressurization. A similar situation will

arise during Shuttle operations. When using molecular shaft seals,

it is recommended that a breather be incorporated into the motor

housing. It should consist of a 5 micron filter, large compared
with the shaft seal in the laminar flow range, but of comparable

size in the molecular flow regime.

4) Solid Lubrication Systems - There are two major functions for

lubrication in space vehicle motors; the lubrication of bearings

and the lubrication of gearing. Usually, the latter role is the

more critical in that gear tooth engagement is essentially a

rubbing mechanism with rolling only occurring at the pitch line,

whereas ball bearings are regarded as pure rolling contact mechan-

isms. The former function can be accommodated by either dry film

or transfer lubrication while the latter function is usually lim-

ited to the use of dry films.
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A further function exclusive to solid lubrication is the brush used
on high speed dc motors. (The slow speed torquer usually utilizes
fluid lubrication--temperature permitting.)

a) Dry Film Lubrication - Solid lubrication is the only re-

course when temperature extremes cannot be avoided. However, in

the case of films they are not self-replenished; their life capa-

bility is limited, particularly at high rubbing speeds. However,

they do excell under high load. Hence, low speed, high torque

motor concepts should be selected whenever dry film lubes are

essential. Dry films are used on both gearing and bearings, al-

though bearings often utilize transfer lubrication in the form of

sacrificial ball retainers.

Apart from the possibility of corrosion in humid atmospheres*

there is no reason why dry film lubes should not be used for low

operational life, long llfe applications; operational life (on

gearing) being limited to the low hundreds of hours with the motor

(fastest) pinion experiencing most wear. (Delrln or similar

plastic pinions have been used successfully to extend pinion life--

temperature permitting.)

In unhermeticaiiy sealed dc motors used in space vacuum, dry film

lubrication should survive the life of the brushes, i.e., 50 to

200 hours operation. Applications may arise where this could

prove an adequate and economic solution--as was discussed in Sec-

tion A.l.f, the total, long-life operation time for motorized

switches will amount to only a few minutes.

Ion sublimation deposition of MOS 2 gold and silver has been rec-

ommended as offering more tenacious and, therefore, more durable

films. During Viking Surface Sampler development, the bonded MOS 2

film has proven to be superior. However the harmonic drive used

in the biaxial antenna drive on DSCS 25 is an example where gold

deposition has proven satisfactory. Hence, considerably more ex-

perience and research is required with this form of deposition be-
fore inconvertible recommendations can be made.

For comprehensive information on the wide variety of solid lubri-

cants, reference should be made to Part A of the "Lubrication

Handbook for use in the Space Industry," Control No. DCN-I-I-50-

13616 (IF), available from the Office of Procurements and Contracts,

D. E. Lyons, A&TS-PR-M, NASA, Marshall Space Flight Center,

Alabama 35812.

*Pertains to MOS 2 coatings and under investigation by NADRL.
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b) Transfer Lubrication - The most commonplace bearing example
of transfer lubrication is the Duroid retainer type of bearing.

Duroid being glass reinforced teflon with approximately 5% MOS 2

impregnation. In some cases, Rulon, which is ceramic filled

teflon, with MOS 2 addition has been utilized. The most recent

innovation is the polyimid retainer.

In all such instances, the lubrication process is identical. The

motion of the ball transfers microscopic layers of retainer mate-

rial to races to form a dry lubricant film. The failure modes

of this arrangement is excess transfer to the races and excess

ball pocket wear. Both modes result from excessive ball/ball

pocket interface forces which are related to ball velocity and

load, and ball retainer velocity. The failure mechanisms are

greatly aggravated by bearing misalignment.

Since ball load distribution is a function of bearing clearance

and ball velocity is related to load distribution, it is advis-

able to use precision grade bearings and to provide axial pre-

loading to unify ball load and velocity, thus minimizing ball/ball

pocket interface forces.

The load ratings of these bearings are substantially below the

normal LI0 rating, the teflon retainer types particularly. Care
must be taken to remain within these ratings. It is alledged that

dry film lubrication of the races and balls improve the load rat-

ing capability of this type of bearing, but there appears to be

no test evidence of this. It may be advantageous to longer life

to apply the nonbonded type of dry film lube to the races of this

type of bearing (e.g., Dicronite, Microseal and Vackote).

A ball retainer concept still in the experimental stage at WPAFB

uses Boeing compact type 108 (designated AFSL 15 by WPAFB) for the

entire retainer. This material which is primarily MOS 2 operates

in the same fashion described for the Duroid retainer. A size 204

bearing having this form of retainer has successfully completed

32,000 hours of test operation at 1725 rpm with a 7 Ib thrust load

under 10-8 torr vacuum conditions. Presumably, this form of re-

tainer would not be susceptable to the wear and wipe off problems

described for the Duroid retainer. Considerable development lies

ahead before this concept becomes a viable and available product.
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Another 204 size bearing under test by the samelaboratory uses
a leaded Bronze retainer without any lubricant whatsoever. This
has completed 40,000 hours of test. Whenlast inspected at 1600
hours, very little wear was evidenced. Under the sametest condi-
tions, silverplated retainers failed at 300 hours.

Yet another development, where considerable testing is yielding
very promising results is that by Elliot Brothers of Frimley,
England, using lead coated races. Size 6-19-6 bearings have op-
erated at 10-6 torr at 3000 rpm for up to 15,000 hours without
failure.

While it would be premature to suggest the adoption of any of
these three developmental bearing concepts, it is recommended
that close cognisance be maintained; they might prove invaluable.

The use of solid lubricated bearings in induction motors should
be decided with caution. The bearings must be relied upon to
convey the majority of the induced armature heat to the housing;
the poor heat conduction of dry filmed ball contacts maybe very
inadequate causing excessive heating, differential expansions,
loss of bearing clearance, severe wear and failure from excessive
friction.

iii
Transfer lubrication of gears has been accomplished using sacrifi-
cial idlers of Duroid or similar material having an MOS2 content.
The meshing action of the teeth perform the required wiping action.

A similar technique can be utilized with the Boeing compactmate-
rials (licensed to Pure Carbon) using sandwich construction.

Solid lubricants operate within the realm of boundary lubrication.
They should be resorted to for long life applications only when
fluid lubrication becomesimpractical. They function as benefi-
cial contaminants between mating surfaces and do not prevent metal-
lic contact. They merely alleviate the wear problem, whereas the
intent of fluid lubricants is to prevent metallic contact. When
a fluid film deteriorates to the point where boundary lubrication
is evident, it is looked upon as the onset of a failure mode. Dry
film lubricants, on the other hand, actually operate within this
failure mode. Hence, it can be appreciated that the life of dry
film lubricants is short comparedwith fluid film lubrication.
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For long term Shuttle type programs, a servicing and replacement
program must be instituted for motors when the use of solid lub-
rication is unavoidable and total life requirements exceed the
capability of the solid lubrication system.

b. Results of Survey - Four space equipment manufacturers were

invited to submit their opinions as to why certain successful motor

applications proved so successful. Subsequently the suppliers of

such motors were requested to identify reasons for this success.

This information is presented in Table 3.

c. New State of the Art Research Recom_nendations - The recommenda-

tions follow:

l) Correlate and co-ordinate bearing and lubrication research

activities throughout the USA by a component authority. Total

effort and expense (usually funded by government agencies)

would decrease with a concerted plan. It would not only avoid

unnecessary duplication of effort, but yield systematic data

increments of maximum value to the development of bearing/

lubrication theory and technology.

2) Research the mechanisms of oil reservoir operation: can

judicious positioning of reservoirs adjacent to bearings pro-

mote oil migration in addition to the alledged evaporation/

condensation process? It is submitted that the reservoir oil

content could be dyed to track oil excursion. For larger

bearings, rotating reservoirs could be used where centrifugal

forces could promote migration; these affects should be in-

vestigated and documented. Do reservoirs, in fact, provide

any of the advantages attributed to them? Some authorities

believe that lubricant coating of all interior surfaces of

a bearing or motor housing is the fundamental requirement.
Is this true?

3) Research the mechanism of lubricant loss through molecular

shaft seals and associated filters: does liquid creepage

occur under certain conditions?

4) Continue research into the evaporation rates and volatility

fractions of selected "space" lubricants, for more accurate

prediction of vapor loss from molecular seals, improved siz-

ing of oil reservoirs and better insight into how lubricant

films change with time.
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5)

6)

7)

8)

9)

10)

Load & Life capability of Porous Polyimid Retainer Bearings

should be explored beyond the realm of gryoscope bearings

as currently being investigated by MIT. Concurrently, the

medhanism of lubricant flow from and back into the retainer

should be investigated, as well as retainer stability and wear

phenomena.

11)

Evaluate Boron deposition coatings to 52100 alloy steel

bearings to provide non-corrosive properties superior to 440C.

The objective is to obtain the superior life capability and

the advantages of the 52100 steel.

12)

Investigate the false brinnelling hazard of the severe vibra-

tion environments of the Shuttle program where very high G

levels are maintained for 5 hours/axis. Typical state of

the art motor and bearing technology should be evaluated

under realistic vibration conditions to assess the actual

areas where state-of-the-art improvements are needed.

Extend the exercises of 7) above to all types and facets of

motor design and construction.

In conjunction with items 7) and 8) above, review the neces-

sity for special bearing preloading measures indicated in

Figure 13.

Corrolate and publish all visco/pressure data. Assess where

additional research is needed in this field to facilitate

the design of bearing systems for space. Fund and imple-

ment this additional research. (It will be noted that the

voluminous "Lubrication Handbook for use in the Space In-

dustry" omits this important information.)

Implement research into the necessary extent of lubricant
contamination control for satisfactory utilization in space

mechanisms where thin films with minimal replenishment pra_

dominate.

Implement a system for recording motor operational history

in space in order that factual life data on bearings and

lubrication systems is conveniently available from which

the relative merits of different systems can be evaluated and

from which the necessary direction of research can be estab-

lished.
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13)

14)

15)

16)

Explore new state of the art technology better capable of

resisting shuttle environment and life requirements. This

is to include not only the evaluation of the more sensitive

areas such as bearings,* but also dormant constructional

features such as windings, conductor terminations, connectors,

lamination stacks and rotor configurations.

Perform experimental investigation of radially preloaded or

zero clearance ball bearings. They could accommodate the

differential thermal expansion and contraction of the motor

rotor with respect to the housing, at the rolling element,

thus eliminating sliding bearings. The effect of their spring

rate on motor resonant frequency also needs investigating as

a means of negating vibration affects (false brinnelling).

Conduct a comprehensive test evaluation program on reinforced

retainers to provide proper load/life recommendations. Bear-

ings with ceramic or glass reinforced Teflon retainers (with

approximately 5% of MOS2 added), have been widely used with

considerable success in many space applications. However,

their load ratings are considerably reduced from normal and

their life capability is not documented. According to cer-

tain sources, the application of dry lubricant film to balls

and races substantially improves the load/life capability

of such bearings. However, there appears to be little or

no test data to corroborate this. Designers have to work

with very inadequate bearing performance data when contem-

plating the use of this type of bearing.

Mechanical Signature Analysis is a technology which can diag-
nose the mechanical health of mechanisms without their dis-

assembly. It would therefore constitute an important means

of effecting economics in the cost of maintenance and inspec-

tion on Shuttle type vehicles. Its use necessitates that a

library of mechanical signatures be assembled for each of

the components to be inspected. These would be acquired

during qualification and development testing and represents

an additional cost which must be assessed in relation to the

cost economies resulting from the avoidance of unnecessary
maintenance. The extent of such economies and the ramifica-

tion of instituting such a system should be investigated.

For instance the spiral groove plain (sleeve) bearing, which is

being evaluated for use on gyros and reaction wheels may be bene-

ficial in ordinary motor applications. See References 8 and 9.
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The following "RecommendedAreas for Study" are extracted from
NASAReport No. TmX-67872,entitled L_ca_i_n Friction and Wear

in Aircraft. This study confirms some of the above recommenda-

tions and presents several other basic areas of research.

RECOMmeNDED AREAS FOR STUDY (from NASA Report TmX 67872)

i, The Solid and Its Surface

a, Definition of surfaces from atomistic to macroscopic scale

of observations (includes computer program analysis of sur-

faces in contact).

2, Dry Sliding Contact

a. Effect of small alloy additions on adhesion

b. Development of carbon-graphites for brakes

3. Solid Lubricants

a. Development of solid lubricants for operation to 871°C

(160°F); also solid lubricants to 1371°C (2500°F).

b. Investigation of wear mechanism on atomistic scale.

4. Liquid Lubricants

a. Rheology of lubricants at high pressures and shear rates.

b. Synthesis and formulation for high temperature and im-

provement of fluid film rheology.

c. Additive and surface chemistry to control corrosion and

dirt and improved boundary and E.P. films.

d. Investigate friction polymers.

5, Lubricant Systems

a. Methods to improve cooling (includes techniques for im-

proved application of lubricant, mist lubricating, and

separate cooling and lubricating flows).

b. Improved filtration

c. Controlled atmosphere

6. Elastohydrodynamic Lubrication

a. Investigation of entrapment and normal approach effects

b. Differences among various lubricants
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7. Gears

a. Improved scoring model
b. Review of the effect of gear errors on lubrication
c. Investigation of run-in effects on surface and on profile

geometry.

8. Bearings

a. Information on differences in fatigue life between case

carburized and through-hardened materials.

b. Improved method for predicting bearing life taking into

account material, lubricant and film thickness effects.

c. Reduced stress at high speeds.

9. Seals

a. Improved abradable material and a model for predicting

abradability property.

b. Seal carbons with improved erosion and oxidation resist-

ance.

c. Materials for reducing secondary seal fretting.

Also, it is recommended that support be lent to the IRG (OECD)

group in work on:

a. terms and definitions (and translations)

b. thermodynamics of failure.

d. Hardware Life - The actual life data of Table 4 was obtained

from the MMC Survey of Motors Used in Space, report No. T-71-48890-

004. Unfortunately, the establishing of factual operational life

data of motors in use on satellites is very time consuming.

Truly reliability sources are difficult to locate. Usually if

there are no problems, there are no records.

In view of the significance of past accomplishments in deter-

mining the appropriate areas of new research, it is submitted

that a more organized approach to record keeping be implemented,

not only for motors but for many other important mechanisms.

11-91



Table 4 Examples of Motor Life C_pability in Space

TYP E

Hysteresis Synchronous

(No Gearhead)

Induction Motor

(No Gearhead)

Induction Motor

(Gearhead)

Brush Type Torquer

(No Gearhead)

Brush Type Torquer

(No Gearhead)

Brushless DC Torquer

PM Stepper 90 Step

(No Gearhead ) i00 PPS

OAO Tape Recorder

OGO Reaction Wheel

Nimbus III Solar

Array Positioning

OSO III Despin

ITOS I Momentum

Wheel

IDCSP/A Despin

ATS Spin Scan

Camera

RPM

8000

1500

8250

3O

150

i00

1500

LIFE

One Failed at 3 years

Still Running in Space at 3.5 years

Still Running in Lab at 8 years

Still Running in Space at 3.5 years

Still Running in Space at 4.6 years

Failed in Space at 0.6 years

Commutator Clogging

Redesigned to Brushless DC Motors

Still Running in Space at 3.5 years

Still Operating in Space at 5 years
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5) Bearing Selection - Section A offers a derating system which

should enable bearings to be selected to give high long-life reli-

ability under favorable lubrication and installation conditions.

It was also shown that precision surface finishes enhance lubrica-

tion condition and life expectancy. In Section C2a3c, the merits

of certain types of bearing retainers were discussed. In Section

C2a2, preferences were established for preloading systems to ac-

quire specific bearing stiffnesses.

In regard to duplex bearings, high precision bearings will be nec-

essary to hold their preload value and/or stiffnesses within rea-

sonable tolerances. Contact angle and raceway radius will have

to be tailored to suit. The diametral interference of the bear-

ing in its housing will influence preload. This must be checked

and shimmling may prove essential. ABEC 7 precision grade bearings

with 1½ microinch raceway surface finishes and balls of 0.5 to 1.0

microinch finish should be used.

The most suitable ball retainer depends on many factors. For in-

stance for flooded pump motors, standard stainless steel may be

preferable. Porous polyimid is recommended for bearings which

must rely on oil reservoirs and oil impregnated retainers, selecting

the porosity to suit oil viscosity and temperature range.

Retainerless (full ball compliment) bearings should not be used--

except possibly when maximum capacity is needed in restricted space

at low speed. In marginal lubrication conditions, excessive ball

on ball wear has been experienced with retainerless bearings.

In the case of solid lubrication, the Duroid retainer (MOS 2) has

provided exceptional service under light load; but there is no body

of test data from which a definite load or life commitment can be

determined. Also, as mentioned in Section 2a4b, there are numerous

solid film lubrication concepts under test apparently capable of

very substantial life. Presumably, one of these could be an opti-

mum choice. However, information on these are not generally avail-

able to the designer. Also, the extent of test data pertains to

only one or two sizes of bearing. It is probably risky to extra-

polate this to other bearings.
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For maximumbenefit to be gained from all these independent test
programs, an authority should be delegated to correlate the data
and publish application recommendations. Test programs should be
intensified and broadened in accordance with an overall systematic
plan and application data enlarged and updated as testing yields
results. Greater opportunity should be extended to commercial
bearing houses to participate in this activity in addition to
government and military establishments.

In regard to bearing materials, there should be no need to resort
to the special tool steels' These are advantageous in high tem-
perature applications in that they offer excellent hot-hardness
characteristics. But they introduce difficulties in regard to
surface finishing--in any case this study is not concerned with
very high temperatures.

Since 52100-consumable-electrode-vacuum-remelted-steel is still
regarded by someauthorities as offering improved llfe and fewer
inclusions as comparedto 440C produced by the samevacuumre-
melt_ing method. 52100 shouidbe utilized for long life applica-
tions when there is no risk of corrosion. Otherwise, 440Cshould
be used.

Meansof overcoming the corrosiveness of 52100would be of special
advantage tO the space industry as well as to industry in general.
A possible solution of this problem is Boron deposition coatings.*
Platings in the past have proven unsatisfactory, however; prelimi-
nary investigation of boron deposition (which is not a plating
process) indicated that it can withstand normal race wear with-
out losing its corrosion inhibiting properties. Therefore, in
the interest of long-life space requirements, it is submitted that
the investigation of this process for bearings maybe a very re-
warding avenue of research.

Another process which proved advantageous in boundry lubrication
was soaking of balls and races in tricresyl phosphate (TCP) (Ref
10.)

*This suggestion and permission to publish by courtesy of SKF
Industries.
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Bearing surface chemistry has been shownto be an important fac-
tor governing bearing performance under fluid lubrication. Con-
tamination can adversely affect surface wettability. Nonwettabil-
ity can result from contaminated solvents, cleaning water, con-
tainers and white room atmospheres also, certain solvents and
detergents can create surface contamination. Meticulous house-
keeping controls and processing procedures must be followed. Ref-
erence ii reviews this problem area and defines a wettability test
procedure for bearing races.

6) Bearing Installation - Obviously, the ultimate in quality en-

gineering is expected of spacecraft hardware. Thus it is not in-

tended to review the normal precautions which must be carefully

checked in respect to bearing installation--such as proper radii

at shaft shoulders and in housing bores. Nor should it be neces-

sary to emphasize the need for worse case analysis in order to

determine the tolerances necessary to limit misalignments and ec-

centricities to acceptable levels.

What should be investigated are the special installational meas-

ures needed to accommodate the frequent repetition of environment

extremes which will often accompany long life missions. The ef-

fect of space vacuum on bearings is largely lubricant oriented

and this is covered in Section C2a3. Vibrational problems in re-

gard to bearings are covered in Section C2a2, which covers certain

installational recommendations.

It is temperature variation which poses the main problems for

bearing installation. There are two main aspects of this problem

(i) linear differential expansion and contraction of the rotor as-

sembly relative to housing, and (2) radial differential expansions

and contractions. Furthermore this problem is not only due to the

effect of ambient temperatures changes on different materials, but

also, due to differential temperatures caused by heating of elec-

trical windings during periods of motor operation.

a) Linear, Differential Expansion or Contraction - The bearing

installation problem which results from this temperature dependent

phenomenon is that of avoiding excess thrust on the bearings. The

most elementary solution is to allow one and sometimes both bear-

ings to "float" longitudinally in the housing. However, in order

to float in this manner, the bearing faust also have radial clear-

ance with respect to the housing. While this end float and radial

clearances overcome the temperature dependent problem, it becomes

very vulnerable to vibration. The vibration can cause hammering
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of bearings in the housing with wear and galling of the housing
at the bearing O.D. resulting in possible Jammingof the bearing,
brlnnelllng of the bearing races and wearing of the ball retainer.
Hence, this design approach should only be used for very mild vi-
brational environments.

These shortcomings can be largely overcomeby restraining axial
movementof the rotor with respect to the housing by using angular
contact bearings, one at each end of the rotor with a spring at
one end which preloads both bearings. However, one bearing must
still be allowed to float under the action of the spring (usually
a Belville washer) as temperature fluctuates. This arrangement
has successfully qualified for manyspace programs. However, for
really long-term vibration requirements, the spring resonance,
which reacts with the full rotor mass, could be a liability
causing fretting corrosion between the floating bearing and hous-
ing and false brinnelling of the raceways. See Figure 6a.

These problems can be alleviated by using a preloaded duplex
bearing at one end as shownin Figure 6b, which physically pre-
vents axial movementof the rotor. However, the bearing at the
other end of the rotor must still float relative to the housing;
but it is now divorced from the massof the rotor (during vibra-
tion and shock). While the inner race of this floatlng bearing
is an interference fit on the rotor shaft, the outer race must be
free in its housing, the extent of this freedom being temperature
sensitive. This freedom contitutes a vibration hazard. It can
be minimized by using an insert in the housing (could be termed
a compatibility bushing). The insert is machined from metal with
a temperature coefficient of expansion equivalent to that of the
bearing. Inserts should be an interference fit in the housing
and of sufficient cross-sectlon that the differential thermal
strain will occur predominantly in the housing. Bearing clearances
can still constitute a false brlnnelllng hazard. It is, therefore,
advantageous to use a preloaded angular contact bearing with the
preloadlng spring also accommodatingthe linear differential expan-
sion and contraction.

The use of the duplex bearings at both ends of the rotor (one
fixed, one floating), combinedwith compatibility bushings, is
the recommendedapproach whenprecision alr-gaps and molecular
seal clearances are demanded. This arrangement avoids preload-
ing springs altogether as illustrated in Figure 6c.
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However, as previously discussed, the resonant frequency of the
floating bearing and its preloading spring (if used) can still
represent severe vibration problems; in which case, the arrange-
ment shownin Figure 13 should be considered. The primary ad-
vantage of this arrangement is that the floating bearing is elim-
inated. Instead, the rollers or balls slide relative to one of
the races. In mild vibrationary conditons where stiffness of the
bearing maynot be important, a zero clearance version of this
configuration could be adopted.

The problem of thermal expansions and contractions could be largely
eliminated if the housing could be of a steel with similar char-
acteristics to those of the rotor shaft, usually a steel alloy.
However, this is also a problem in that usually the housing needs
to be non-magnetic. This limits the choice to the 300 series
(austinetic) stainless steels, but these have poor heat transfer
characteristics and unsuitable temperature coefficient of expan-
sion. Thus, steel does not constitute a satisfactory selection
for motor housings.

A review of materials shows that the only non-magnetic materials
with compatible temperature coefficients of expansion are Titanium
and Beryllium. Of these, the Titanium has poor heat conduction
characteristics, Beryllium has good heat conduction character-
istics. Titanium offers considerable cost economies as compared
to Beryllium.

Hence, motors for use over wide extremes of temperature should
have Beryllium housings. Motors involving short or intermittent
duty cycles and little heat dissipation, can utilize Titanium.
(Titanium avoids the machining complexities of Beryllium and
should be less expensive.)

Coefficients of Expansion of Candidate Materials for Motor Hous-
ings are:

Beryllium Alloy

Titanium Alloy

6.4 x 10-6 inches/°F

5.2 x 10-6

CRCS300 Series i0.4 x i0 -_

CRCS440 C 5.6 x 10-6
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Alloy & Carbon Steels

AluminumAlloy

MagnesiumAlloy

6.5 x 10-6

12.0 x 10-6

13.0 x 10-6

Bearing bores in housing must be circular to extremely tight tol-
erances, otherwise the bearing will be distorted, resulting in
eratic behavior. Housing should be designed as symetrically as
possible to avoid distortion with change in temperature, for the
samereason. Suitable stress relieving procedures should be adopted
before and during the course of machining. This is particularly
important in the case of thin section bearings which rely on the
housing to correct their inherent ovality.

Whenoperating temperatures depart substantially from the temper-
ature at which the motor operates and particularly if a differen-
tial temperature exists between inner and outer races, the "fit"
of the bearing both on the shaft and in the housing becomesex-
tremely critical, especially when thin section bearings are used
(which is often the Casein aerospace componentsin order to
achieve low weight). The extent of this fit determines the inter-
face stresses and strains. It also influences the differential
thermal strains of both housing and bearings, which will contri-
bute to the installed geometry of the bearing, influencing clear-
ances, frictional torque, heating, spring stiffness and film
thickness.

Hence, catalogue (AFBMA)recommendedfits can only be used as a
guide in manycircumstances, actual fits must be carefully com-
puted. It maybe necessary to custom code the bearing and selec-
tively assemble them in appropriate housing bores. This problem
area can be alleviated by the use of either housing materials or
compatibility bushings with temperature coefficients of expan-
sion akin to that of the bearing.

d. Application Guidelines - The guidelines are discussed in the

two following subsections

i) Simplicity, Low Speed, Sturdiness of Construction and Heat

Flow Paths - In general, the motor should drive as directly as

possible; i.e., with minimum gearing interposed between motor

and load. This will often mean that a larger diameter, slower

speed, higher torque motor is utilized. This may, in turn, incur
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a weight penalty; but it will meanthat a more sturdy (lower L/D
ratio) motor is used. This philosophy can be extended using multi-
pole configurations until an essentially pancake type of motor is
involved.

The inherent advantage of this approach is that fewer gear stages
will be needed, or if the concept is taken to its ultimate conclu-
sions, all gear elements will be eliminated and the motor will
drive directly. Figure 8 is an actual examplewhere this type
of motor superceded the conventional type during the course of
product development to achieve longevity. Motor efficiency in
this circumstance maynot be optimum; but this is somewhatoffset
by the avoidance of gearing in efficiencies and mechanical com-
plexity. Furthermore, a higher power drain maybe of lesser evil
than the hazard of high speed gearing and manybearings, particu-
larly if dry film lubrication is demandedby the environment.

Figures 1 and 17 demonstrate the relative advantages of the slow
speed pancake configuration. Not only are fewer gear passes re-
quired, but what gears are needed can be designed sturdily with
adequate tooth sizing, conservative stress levels, low pitch line
velocities and absence of undercutting. Usually, the fewer bear-
ing there are, the better the reliability. It must not be con-
strued that high speed motors in themselves are a hazard, in fact
it is well known that high speed gyro motors operate for many
thousands of hours with minimal lubrication but, if gear reduc-
tion is involved, the slowest motor is advantageous--except
possibly from a weight point of view.

Another advantage of the pancakeconfiguration is that the heat
of the winding is directly conveyed to the heatsink through the
casing of the motor. Whereas, in the case of the conventional
(cylindrical) type motor, the heat is conducted through the gear-
head, thus aggravating lubrication and bearing problems in that
area. In comparison, the cylindrical motor has a longer, less
substantial heat flow path which, unless augmented, maywell
cause a greater temperature differential; i.e._ a hotter motor.
See Figure 18.

A still further advantage of the pancake configuration is the
inherent rigidity of mounting, an attribute of particular im-
portance to combatsevere vibrationary environments such as those
of the Shuttle Program. (It is recognized that manyapplications
will arise where the conventional motor, because of better avail-
ability, or lower cost, or even on technical grouds, will be
the logical choice and will satisfy long life specification,
particularly in the low duty cycle and/or benigh environment
situations.)
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It is again stressed that to acquire maximum benefit from all

these attributes, the motor must be integrated into the driven

mechanism and not merely added to it as an afterthought.

Figures 7 thru I0 and 13 are good examples of how this can be

accomplished. In some instances, the rotor _an be advantageously

installed on an existing rotating assembly, thus avoiding the need

for separate motor bearings.

This same philosophy extends to high speed motor applications where

the motor drives directly, i.e., without gearing. Examples are

mirror and chopper drives for optical instruments. These amount

to ideal applications in that the high speed facilitates full EHD

operation of the bearings. However, there is no Justification for

the use of excess gearing on a slow speed application, merely to

facilitate the use of a high speed motor. As previously mentioned,

the motor should drive as directly as possible so as to minimize

gearing and bearings; this applies regardless of whether the output

shaft bearings operate in the EHD or boundary regime.

2) Motor Output Shaft-Coupling Methods - Often it is desirable

to connect the motor to the driven mechanism by means of gearing,

probably with a step down ratio with a pinion mounted on the out-

put shaft. In such arrangements, it must be realized that the

pinion tooth load is reacted at the centerline of the motor

shaft causing additional loads on the motor bearings. While this

represents very elementary mechanics, it is surprising how often

this additional bearing load is ignored. Furthermore, the smaller

the pionion, the higher the load; however, if the gearhead is of

the offset type, it could add or subtract to bearing loads accord-

ing to the relative angular position of internal and external tooth

meshes. Hence, the motor manufacturer must be informed of the ap-

plied loads so that he may select bearings of appropriate capac-

ity--see Figure 19a.

Also, when designing the motor pinion, the stiffness of the motor

shaft must not be overlooked when calculating the effect of mis-

alignment on tooth stresses. For a given motor torque, the

larger the pinion, the lower the tooth load; and thus, the addi-

tional bearing loads will be diminished. The use of a relatively

large pinion is therefore recommended when this method of torque

transmission is adopted. Also, the pinion should be cantilevered

as little as possible, i.e., located as close to the motor as

practical. Figure 4 illustrates a judicious selection of pinion

for the motor.
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Splining the output shaft into the driven shaft should theoret-
ically avoid the additional bearing loads previously mentioned;
but in practice, due to unavoidable errors in alignment, some
loads will be imposed. The ideal method of transmitting motor
torque in this axial fashion is to use a quill; see F-igure 20.
Alternatively, flexible couplings will also avoid the imposition
of additional loads on the motor bearings--if properly applied.
These methods, more commonlypertain to larger size geared motors.

A further method of avoiding these additional bearing loads is to
adopt the arrangement of Figure 19b which balances out the tooth
loads. This is more commonlyused as the first stage of a gear-
head to alleviate pinion tooth load, but it also reduces the motor
bearing loads. It doubles the number of gears and bearings in
the stage, but tooth loads are halved. Howevermotor pinion
experiences twice the number of tooth engagements. Thus the
arrangement is likely to increase pinion wear, particularly in
the case of dry film lubricants at high speed.

Note: All the preceding application guidelines pertain tO
motors. Application guidelines for bearings are covered
in various sections of C2where Vibration, Lubrication and
Installation problems are discussed as a facet of motor
technology.
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TEST METHODOLOGY AND REQUIREMENTS

_ualification

Qualification of motors must encompass the full variation of bear-

ing geometry as determined by bearing manufacturing tolerances,

installation tolerances plus any other significant variables such

as pre!oad, spring stiffness, contact angle, misalignment, eccen-

tricity and temperature extremes.

Multiple qualification samples should be carefully prepared to

incorporate the worst case combinations of these variables so that

qualification will not be limited to an average configuration but

will embrace the full gamut of manufacturing perturbations.

The above procedure can become very expensive, and thus its imple-

mentation must be based on cost effectiveness considerations with

due regard to function criticality and the long term economics

that result from proven reliability.

Since bearings constitute the most critical failure mechanism,

the above recommended routine probably can be limited to the bear-

ings and c:0_struction features which influence bearing operation.

In some instances, other facets of motor design may need the same

treatment i.e., close air gaps, gearing misalignments etc.; how-

ever, much of this should be avoidable by stringent worst case

analysis.

a. Accelerated Testing - As discussed earlier, the primary wear-

out mechanisms of motors involve the bearings, gears and brushes.

The latter, however, with short life capability, can be tested

in real time.

The fatigue testing of rolling element bearings constitutes a

classical approach to accelerated testing as discussed in Sec-

tion C2al. However, this technique assumed adequate and infinite

lubrication. Therefore it is not appropriate to spacecraft al-

though any bearing used in spacecraft must have adequate fatigue

life capability.

Lubricant life must be assessed by accelerated testing. Life is

a function of evaporation rate, migration and degradatkon. Since

these are all a function of temperature, then temperature becomes

the obvious parameter by which to accelerate these processes.
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Certain complications arise as a result of increasing temperature.

While increasing evaporation rate, it also decreases viscosity

which diminishes film thickness. This changes the operating cir-

cumstances which it was the original intent to test.

These complications can be compensated for by utilizing a higher

viscosity oil of the same basic formula that has a similar evapora-

tion rate and viscosity at the higher (accelered) temperature. In

the case of mineral oils, this can be accomplished by molecular dis-

tillation of a specific cut; and, in the case of synthetic oils, by

blending. By this means the film thickness should remain unaf-

fected (assuming the visco/pressure characteristics of the test

oil is unchanged from the original oil. See Reference 12 which

recommends this approach.

Life Tests

Until accelerated testing is established as a reliable/predictable

process, long life testing of motors must be predicted from short

term (practical) tests. The wear rate of bearings and gears are

monitored throughout the initial wear-in period until wear rate

stabilizes. Life must then be projected by comparing this wear-

rate data with known life statistics of similar mechanisms. Like-

wise the measured loss of lubricant compared with total oil res-

ervoir capacity must signify adequate oil reserves--since the
mechanisms of oil transfer from the reservoir is still inade-

quately known.

One of the most important facets of life testing is that taken

up by vibration testing--during which the motor is probably not

operating. This is particularly true of motors and bearings used

in shuttle type programs where vibration testing may involve hours

of testing in each axis. Compared to the degradation which such

vibtation testing could incure, the wear resulting from a normal

(operating) life test, could be relatively insignificant. (Bear-

ings may have to be sized, primarily to resist the vibration

environment.)

It follows from this argument that life and vibration testing

should be alternated in a manner representative of an actual

shuttle program in order to acquire a realistic degradation pat-

tern.
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Screening

The metallic components of motor bearings should be individually

inspected for accuracy, surface finish and blemishes. The non-

metallic retainer, in addition to the preceding shall be inspected

for complete freedom from burrs. This data shall constitute a

permanent record together with test data of the assembled bearing

giving breakaway torque data and electronic noise analysis data.

The complete motor (or motorized mechanism, in the case of frame-

less motors) shall be subject to an extended run-in (acceptance)

test. The duration is usually of several hours (dependent on

service life and duty cycle) during which load and the most severe

combination of ambient temperature, ambient pressure and heat sink

capacity shall be simulated. This should be followed by a nominal

room temperature test. Motor performance, including winding re-

sistance and bearing or bearing housing temperature, shall be con-

tinuously monitored and shall constitute a permanent part of the

record. The record shall also cover any prior running-in incurred

as part of the manufacturing process. The record should evidence

no perturbation from normality. By this means, failure trends can

be recognized and infant mortality detected and eliminated.

In the case of brush type motors, particularly in the high speed

variety, the extent of the run-in test may consume valuable brush

life. In such instances, it may be advisable to install a new

set of pre-contoured brushes followed by a final performance

check, prior to delivery.

Failure Mode Detection

a. Brush Wear - In the case of brush type motors, the brush

springs can be instrumented with a strain gage calibrated to

spring deflection. This has been successfully accomplished on

despin motors on classified satellites. The brush wear has been

accurately recorded. This method can be used in conjunction with

either telemetry on satellites or alternately, test terminals could

be incorporated on shuttle type vehicles for ground checking.

(It is realized that brushless motors avoid this failure mode,

nevertheless slow speed applications may still arise where the

simplicity of brushes outweighs the complexity of electronic com-

mutating.)

L
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b. Bearing Degradation - Whether from contamination or wear, or

lack of lubricant or structural deformation, bearing degradation

will cause excess torque or motor load, demanding more power or

current. Hence, monitoring of motor performance can result in a

direct indication of a failure mode. However, it might not stem

from a bearing failure in the motor; it could be due to excess

friction anywhere in the driven mechanism. However, for simple

applications such as reaction wheels, gyros and mirror or chopper

actuation in optical instruments, this is not the case; current

monitoring should be very indicative of incipient failure.

c. Infant Mortality - Infant mortality of motors due to bearing

problems should be eliminated by the stringent inspection of bear-

ing assemblies and bearing components. Ref. Section B.2.2)g.

d. Mechanical Signature Analysis - The noise signatures of motors

using vibration spectrum analysis could be developed to a practical

art on shuttle type vehicles. Obviously a signature degradation

pattern vs operating time would have to be developed from actual

or accelerated life test programs wherein the motor installation

is closely simulated. Reference 13 discusses the necessary type

of equipment and methods of defect detection.
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E, PROCESS CONTROL REQUIREMENTS

The recommended process control requirements have been presented

in previous text. Reference was made to the following reproduc-

tions of a U.S. Government memorandum on Procedures for Clean-

ing and Vacuum Impregnating Bearings and a Procedure for Vacuum

Impregnation of Porous Bearing BaZZ Separators, MRDB-002M.
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TO :

FROM :

svA;zc'r:

Memorandum by Babecki

UNITED S FATES GOVERNMENT

2Z nzo 'a zdz m
C. Thienel, Code 450

Nimbus Project Office

A. ]. Babeckl, Code 764

Materials R&D Branch

DATE: August 28, 1970

Procedures for Cleaning and Vacuum Impregnating Bearings

I,I I-t_t

The attached two procedures were prepared for use on Numbus E

experiments and systems that are co be lubricated with oil or oil

and grease. In either case, the ball separators should be made of

reinforced laminated phenolic or sin:ered nylon as first and second

choice materials in order to obtain maximum life of operation.

For bearings to be operated only a relatively few cycles, the

hardened steel crown ball se;arators or the soft steel ribbon retainers,

in that order, would be accep_ab!e. The attached procedure for

cleaning the bearings would stiii be applicable.

Recent problems with non-wettable surfaces on hall bearings, as

received from the manuficturer, have caused concern _hat the lubrlcaticn

of such bearings is seriously Jeopardized and have prompted the issuance

of these written procedures.

If the bearing manufacturer is to pe_orm the lubrication of the

bearings, including the vacuum impregnation of '_heseparators, the

wrltten procedures of said manufacturer should be obtained for review.

CO: H. Frankel (2)

W. Cherry

A, Eubanks

A. Babeckl

A. Fisher

T. Sciacca

R. 5oucdeau

R. Ziemer

H. LaGow

M. Moseson

S. Weiland

A. _/ Babecki

]'.Lovelace

H. Neumann

W. Bailey

Bay U.,f..farinA; Bonds Regularly _ ;_,e P_vroZ; Savi,$s Z. ", II-lll



PROCEDUREFOR CHLOROFORM CLEANING OF NEW BALL BEARINGS

August 26, 1970 #MRDB-001M

This cleaning process is recommended "for cleaning ball bearings

as received from the bearing vendor for two reasons:

I. To remove the preservative oil that was applied by the

manufacturer and to help ensure clean wettabl_ surfaces

for the operating lubricant to be applied.

. To increase the porosity of laminated phenolic ball

separators that are to be vacuum impregnated with the

operating oil lubricant.

This cleaning procedure may be peal.treed on ball bearings in

either the assembled or disassembled states. If assembled, the

bearings should have the shields (if equipped with them) removed.

However, the shield should be subjected to the same cleaning process.

The chloroform to be used should be fresh, unused bottled grade.*

The glassware and .the; containers and handling tools should be clean

and should be rinsed in the clean chloroform before use. After red.oval

of the shields, the bearings should be handled with clean tweezers,

tongs, or other non-porous tools.

The bearing parts should be totally immersed in the chloroform

bath with at least one inch of coverage and gently stirred or agitated

for 5 minutes to remove the bulk of the preservative oil and/or

contamination. The bearing parts should be removed to another

clean container and the process repeated; the first bath and subse-

quent baths should be discarded after use.

The bearing parts should be transferred to a fresh chloroform bath

which is then heated to 125-150°F on a steam table or hot plate. _#[ith

gentle agitation, this cleansing should continue for !5 minutes after

which the parts are transferred to a fresh bath, and the hot IS-minute

cleansing repeated.

Following the above step, the pans should be withdrawn one at

a time and jet rinsed with clean room temperature chloroform from a

laboratory wash bottle and placed in a clean Container for drying in

a non-clrculatlng oven at 150-200°F for at least one hour.

*Certified ACS Spectranalyzed chloroform
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The parts should then be packaged in chloroform - cleaned

aluminum foil or glass petrl dishes for storage or transfer to the

lubrication area. If the lubrication is to be delayed more than six

hours, the packaged bearing pans should be stored in a tight

desicoated container or under vacuum.
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2. MIRDB-002M

PROCEDURE FOR VACUUM IMPREGNATION

OF POROUS BEARING BALL SEPARATORS

August 26, 1970 #MRDB-002M

This impregnation process may be performed on any porous bearing

ball separator material - phenollc, sintered nylon, sintered moral.

Prior to the impregnation, the separators should be thoroughly cleaned,

preferably in hot (125-150°F) chloroform as outlined in procedure

MRDB-00iM.

The vacuum impregnation may be performed on individual ball

separators or on assembled bearings with shields removed. More than

one separator or bearing may be impregnated in the same oll bath.

The oil to be impregnated into the separators is poured into a

chloroform - cleaned tall glass beaker or vial to a depth sufficient

to cover the bearing parts with approximately one-half inch over

coverage. This oil bath is then placed in a vacuum oven and heated
to 125-150°F and deaerated at a vacuum level of 1 X 10 -3 mm (1 micron)

until all bubbling ceases. The vacuum may have to be pulled gradually

to prevent frothing of the oil over the edge of the Container.

After the vacuum is broken to atmospheric pressure with air, the

bearing parts are gently" immersed into the oil bath with minumum

agitation, and the oil bath is placed again into the vacuum oven.

The oil bath is again heated to the temperature of impregnation

(125-150°F) to reduce the viscosity of the oil, and the vacuum of

1 X 10-3 mm is again slowly drawn to prevent frothing over the container

edge.

The vacuum is maintained until all bubbling ceases. This period

may last several hours until the fine bubbling has stopped. Overnite

exposure to the vacuum at the elevated temperature is a convenient

method of ensuring exhaustion of all entrapped air fcom the separators.

After all bubbling has ceased, the vacuum is broken back to

atmospheric pressure, the heat is turned off, and the bearing parts

are allowed to cool to room temperature while submerged in the oil

bath. During this cool-down perlod, the density of the oil increases

and a greater weight of oll is impregnated.
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After cool down, the bearing parts are removed and may be packa3cd

in clean containers as is, or the excess oil may be removed (if desired.)

by any of several methods, e.g., centrifuging, a blast of clean gas (N 2),

Or blotting or wiping with llnt-free wlpers.

If knowledge is desired of the quantity of oil introduced into the

bearing, the individual bearings or separators should be weighed to O.i

mgms. before the impregnation and after removal of the external excess

oil following the impregnation.

" A_Babeckl
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III. ACCELEROMETERS

A. INTRODUCTION

This chapter sets forth factors concerned with establishing a

known performance potential for linear accelerometers over a ten

year period. The accelerometers studied are those applicable to

manned spacecraft used in navigation, stability and control
functions.

This chapter is concerned with the failure mechanisms, test and

periodic calibration methodology, manufacturing processes and

other controls to achieve the life objectives. This chapter con-

centrates upon the sensing instrument itself, and not the driving

electronics and other periphery elements because the scope is

limited to three principle types of accelerometers: the pendu-

lous, the unbalance gyro type (PIGA or pendulous integrating gyro

accelerometer)* and the vibrating string accelerometer. Section

G describes these accelerometers for those desiring more orienta-

tion information. The vibrating string accelerometer has been

phased out of operational use. There are many other concepts.

The technology may be regarded to be in a state of flux; however,

with reliance upon experience for the long life data, the afore-

mentioned limitation is made. Figure i sets forth the types of

accelerometers considered in this report. Solid state aceelerome-

ters (piezoelectric) were not considered in any detail in this re-

port principally because sensitivity and threshold performance

achieved with this type sensor does not permit its use as a guid-

ance and control instrument. A significant breakthrough with this

instrument could permit its use, which would be desirable because

of its simplicity and reliability.

The information provided is for a class of accelerometer instru-

ments. The information is independent of specific performance

specifications that are highly dependent upon the particular mis-

sion of the space vehicle and the accuracy and control aspects

of those missions. Since the instruments selected are typical

of general classes, they should represent and incompass the type

that would be ultimately applied in the next few years.

*The unbalanced gyro accelerometer is commonly referred to as the

Pendulous Integrating Gyro Accelerometer or PIGA. The te_ PIGA

will be used in this report.
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B. GUIDELINES FOR LONG-LIFE ASSURANCE

l,

,

Of the three types of accelerometers considered, only the force

feedback pendulous (or proof mass) type accelerometer has the po-

tential for performance over the extended time. With the incorpo-

ration of proper design practices, manufacturing and test processes,

a ten year life, operating or non-operating, is obtainable. Bias

and scale factor must be measured periodically because of insta-

bility. Some recalibration will be required. Trends in scale

factor changes can be shown from the periodic test data that are

accountable by permanent magnet aging. The only significant item

that ages is the permanent magnet material which follows a pre-

dictable time relationship.

Design Guidelines

i) Use pendulous or proof mass accelerometer with force feedback.

It has no rubbing or mechanical friction in the design. The

technology has been developed to a state where long-life is

inherent in the design.

2) Use a fluid filled accelerometer; they can withstand the en-

vironmental effects of pyro shock and vibration.

3) Select a basic accelerometer capable of greater performance

than is required. Performance margin will result in fewer

specification requirements because the scale factor degrades

with time and the bias instability has long term trends.

4) Employ a magnet with a higher shape factor (L/D) to increase

the remanence stability. Also, the higher the coercive force

the more stable will be the remanence. Highly crystal ori-

ented ALNICO-5 is significantly more stable than the normal
random oriented materials.

5) Use pure properly treated metals to enhance long-life per-

formance by reducing microcreep.

Process Control Guidelines

i) Cleanliness of the inert fluid is mandatory to prevent con-
tamination. There have been a number of instances of con-

tamination failure in space vehicles. Furthermore, cleanli-

ness of all instrument material is generally mandatory.
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2) Precondition material to reduce creep and to enhance magnetic

stability. These instabilities are greater at the outset of

the performance life. Employ artificial magnet remanence

reproduction by temperature cycling or small ac fields. The

remanence of a magnet will be stabilized.

Test Guidelines

I) Periodic tests, depending upon specific requirements for the

accelerometer, will be required to determine trends and for

recalibration for changes that occur in bias and scale fac-
tor.

2) There is no known accelerated testing technique on complete
accelerometer assemblies.

3) Screening processes or wear-in tests are sometimes employed

for assembled accelerometers (beyond the standard checkout

and acceptance testing). Since accelerometers are semi-

passive devices, such tests are not universally employed.

Wear-ln is most applicable to the PIGA accelerometer because

this type is subject to wear when it contains ball bearings.

Special Considerations

l) Use designs with a proven history and experience because the

potential problems of unknown and new designs is a major risk

over the extended time period.

2) Either exercise or change the "storage" position periodically

to prevent adjustment change of the critical axis bias. Long

storage in the same position can affect accuracy.
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CQ LIFE LIMITING PROBLEMS AND SOLUTIONS

lJ Failure Mechanism Analysis

Table i presents the results of the failure mechanism analysis.

This table summarizes some of the failure mechanisms prevalent in

accelerometers. The scope is limited to the accelerometer instru-

ment itself and not the driving electronics. The driving elec-

tronics and the pickoff electronics are a combination of parts

that are a subject of a companion report (Gyroscopes and Bearings,

Chapter IV.) Permanent magnet aging, fluid contamination, bias

change and bellows leaks are discussed in the following subsec-
tions.

Accelerometers of the pendulous type have no rubbing parts and no

friction; therefore, they are not subject to a wearout in the

usual sense. The PIGA are subject to the same life limiting

factors as a gyro, plus the additional torque motor bearings and

slip rings.

The vibrating string accelerometer is subject to microcreep in

the string material. Generally, in practice, where greater ac-

curacy is required, periodic calibration of the accelerometer

is required to maintain the accelerometer within a tolerance
band.

The original manufacturing and design process, normally applied

to accelerometers, are extremely exacting because of the per-

formance stability requirements. The design and manufacturing

processes required for high stability are in most instances the

same as required for long life--you get long life for nothing

when stability is achieved. Flexures, when used, are carefully

chosen for high modulus of elasticity; the materials are chosen

for minimum creep and maximum stability; fluids are chosen to be

inert (silicon or fluoro compounds); proven encapsulates are used,

and the rubber seals, if used, are long life silicon types.

a. Permanent Magnets - The most prevalent aging effect is the

aging in the permanent magnets. Figure 2 illustrates the ex-

ponential decay of magnetic strength. Preconditioning takes

most of the aging from the permanent magnets. The permanent

magnet stability, as related to long life and applied to accel-

erometers, are influenced by (Reference I):
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T_e I Failure Mechanism Analyse8 - Acce Zeremeters

'allure Mode

s) Permanent

Magnet Aging

_) Fluid Contamination

(Except vibrating

string)

c) Bias Change

(creep, micro-

creep)

d) Bellows Leak

e) PIGA Wheel Failure

Probability

of

Occurrence

Nearly 100%

for AI/{ICO

Slight

Depends on spec

tolerance

could be 100%

Slight

Nearly 100%

Effects

Performance change

& Scale Factor

change yielding

system errors

Erratic output.

Particles accumu-

late in critical

tolerance regions

Output with no

input--system

error

Gas in fluid

No output from

gyro--bearing

failure

Mechanism

Aging

Contamination

Aging

Cycling

Wearout

Detection

Periodic ground

test. Log change

relationship is

predictable

Periodic ground

test

Periodic ground

test will indi-

cate trend

Periodic ground

test will show

instability

For oil lubricant,

periodic test will

indicate a recon-

dition of instabil-

ity. For gas lubri-

cant, detection

method does not

exist. NOTE: Gas

is potentially longer

life

How to Eliminate/

Minimize Failure

Select accelerometers

with greater perform-

ance margin.

Better process

control

Select accelerometers

with greater perform-

ance margin

Initial design

*NOTE: See Chapter IV for unbalanced gyro failure mechanism analysis. Unbalanced gyros are subject tO the above, plus

bearln$ wearout.
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i) Temperature Effects;

2) Mechanical Stresses;

3) Relaxation Effects;

4) Radiation.

All permanent magnets are subject to disturbing influences to some

degree. With careful processing, the magnitude of influence can

be estimated. The general procedure is to stabilize the magnets

at a condition somewhat in excess of the condition of actual service

to achieve the condition of maximum stability.

Figure 3 is data on the scale factor of Kearfott Singer Model 2401

accelerometer used in Apollo IX (Ref. 2). The accelerometers were

used in a Hamilton Standard (UAC) strapped down system. They are

directly related to the predictable log characteristics of the

permanence of permanent magnets.

i) Temperature Effects - The designer of accelerometers have a

wide range of permanent magnetic materials to choose from. The

most widely used material is ALNICO-5. Table 2 is related to

ALNICO-5. It is common practice for manufacturers to stabilize

the magnets by temperature cycling.

Tab le 2

Dimension

Ratio L/D

8.00

5.36

3.63

2.72

1.84

0.94

Temperature Effects on Permanent Magnets

% Irreversible Loss at Room

Temperature after Exposure to

-190°C

0

4.6

9.0

6.2

7.9

8.5

-60°C

1.4

2.5

3.6

3.1

3.4

Reversible Temperature

Coefficient, % Rema-

manence Change per °C

-0.022

-0.012

-0.002

+0.0 i0

+0.016

+0.007
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2) Mechanical Stress - Table 3 gives some data on impacts. Manu-

facturing process normally include preconditioning. These data

were taken on 10-inch long bars, 1/2 inch square in cross-section.

One impact was equivalent to dropping the magnet a one-meter

distance onto a wooden platform, the bar hitting on its end.

Tab le 3 Mechanica I Shock

Percent Remanence Retained by

No. of Impacts ALNICO-5

20 i00,

50 99.9

i00 99.8

200 99.8*

300 99.6

500 99.5

750 99.5*

1000 99.5*

*Indicates region where bars cracked or broke.

Vibration tests can be used to indicate the magnitude of the

remanence losses of various magnet materials. Magnet specimens

were vibrated with a total displacement of 0.050 inches at fre-

quencies from I0 to 50 cps for a period of 40 mlnutes. The

ALNICO-5 exhibited a 0.32% remanence loss.

3) Relaxation - Table 4 presents the summary of experimental

results from Kronenberg concerning effect of L/D on magnet sta-

bility (remanence). There are several important generaliza-

tions possible:

a) The higher the coercive force, the more stable will be

the remanence. Highly crystal oriented ALNICO-5 is

significantly more stable than the normal random ori-

ented material ;
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b) The higher the shape ratio, L/D, the more stable its
remanence;

c) When the remanence change of a structurally stable and

undisturbed magnet is perceptible, the remanence decreases

linearly with the logarithm of time for all materials ex-

amined;

d) The remanence of a magnet can be stabilized to avoid these

magnetization changes by an artificial remanence repro-

duction by temperature cycling or small ac fields.

Table 4 Summary of Experimental Results from Krone_erg

Material L/D

Alnico-5 8.0+

Remanence

_d Kil°gausp

Stability

Relative Remanence

at 24°C, 5 Log Cycles

(i0,000 hr) after

Magnetization_ %

Measuring

Accuracy

1.4 99.95 +0.01

(Long) 6.7 12.1 99.89 +-0.02

5.8 11.9 99.81 ±0.02

(Medium) 4.3 10.4 99.23 ±0.02

(Short) 3.5 8.2 98.84 i0.04

3.3 7.6 98.97*

2.9 6.7 98.50 ±0.05

2.2 4.8 98.3 -+0.07

2.1 4.1 97.6*

1.4 2.6 98.2 -+0.i

*Extrapolated i to 2 log cycles beyond last measurement.

4) Radiation - Permanent magnets have been irradiated for 12 days

with 3 x 10 17 fast neutrons/cc with no detectable change in

remanence (Reference i). Neutron radiation should not be a major

problem area.
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_. Fluid Contamination - There has been sufficient histories of

problems with fluid contamination to demonstrate this problem is

serious. In the Lunar Orbiter there was evidence of gimbal "hang-

up" with contamination being one suspected cause (Ref 3). Gas

contamination of Nimbus 3 was one of the suspected causes of ex-

cessive drift during flight (Ref 3).

With respect to contamination, the factors influencing life are

also those affecting reliability and performance. Contamination

cannot be adequately described in a specification. Also the more

accurate the accelerometer the more contamination is a problem.
To illustrate:

Assume an accelerometer with a moment of inertia of 0.i0 gm.

cm 2 and a hinged arm length of 2 cm. A 0.01 cm particle of

aluminum logged on the proof mass would cause a scale factor

change on the order of i00 parts per million.

Chemical contaminants (such as finger oils, solder fluxes, mold

release agents, and moisture absorbed on or into parts) react

directiywith the fluid in the following manner:

i) Direct Chemical Reaction;

2) Local variations in the flotation fluid properties;

3) Form local droplets with surface tension boundaries.

Other contaminants include burrs, debris from parts, dust from

the air, llnt from clothing, human hair, human skin particles,

bits of solder, and many others. When solvents are used for

cleaning parts they leave residue by-products. Freon is one of

the better solvents.

Contamination ranks high as a possible source of failure. Docu-

mentation is not, by itself, sufficient. Likewise process control,

by itself, is not sufficient. Depth of experience is necessary

for a complete appreciation of the problems and techniques for
contamination elimination.

Tests for compatibility with the fluid may be required to insure

material compatibility. Tests for compatibility may be conducted

with either the presence of air or in the absence of air. Accel-

erated testing for compatibility involves raising the temperature,

to raise the chemical activity. Typical materials used in contact

with the fluid are aluminum, silver, copper, beryllium copper,

tungsten, tungsten carbide, brass, 303 stainless, 440 stainless,

epoxies, wires insulation, magnetic laminations and solvents.
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Proper and extremely careful material choice is important; the
manufacturing process to filter and maintain the fluid free of
contamination is extremely important. There are generalizations.
Inert fluids are generally chosen by the designer. The silicon
and fluoro compoundedfluids are normally chosen.

c. Bias Change - There are a number of causes for bias change.

Careful design and manufacture are the major steps to alleviate

the change. Figures 4, 5, and 6 provide some actual data on bias

on the Kearfott Singer Type 2401 used on the Apollo IX Hamilton

Standard strapdown accelerometers (Ref 2).

One of the design items important to consider is the microcreep

in the material (Ref 4). Microcreep is the change in dimension

that occurs in a solid-state phase. It is determined as a func-

tion of time by the phases present and the degree of the insta-

bility. It is also dependent upon the applied stress, the resid-

ual stress, and the combination of the two factors. It is also

dependent on the response of the internal structure to a force

imposed. Therefore microcreep varies with the magnitude and the

direction of the load, temperature and the type of material, the

preheating or treatment of the material, and the overall time

effects of all of these influences.

Generally, the instabilities due to phase changes in metals can

be eliminated by using pure metals that have been heat treated

or thoroughly brought to a thermodynamic equilibrium. However,

pure metals are often either too weak or have other major draw-

backs. Techniques of thermal treatments are applied to complete

the phase changes as much as possible. The designer of the
accelerometer must be aware of this factor in the design; when

considered in the initial design it does not constitute a long

life factor. Therefore, pure properly treated metals should be

used when possible to enhance long life performance.

A more major concern is the instability caused by mechanical

strain, especially the instability associated with repeated

mechanical stresses over a long period of time. In accelerom-

eters the stress arises from acceleration, even though relatively

low. It involves a significant amount of material movement over

the extended life period. Residual stress caused by the initial

manufacture and the temperature are important. The uncertainty

of the measure of mlcrocreep further contributes to the uncer-

tainties on whether certain goals are achieved in the initial

design.
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Creep is time dependent and can be classed as either elastic or

recoverable, and either plastic or permanent. The affects of both

at a specific time affects the operation of the accelerometer.

An example of the possible effects of creep is provided by the

sterilization conditions imposed on the Viking accelerometer.

Effects of the 260-degree F for 600 hours is shown in Figure 7

for the bias term of Bell Aerospace accelerometers. This may

susggest that sterilization may be a device for accelerated test-

ing; however, not enough is known at the present.

Creep is also significant in vibrating string accelerometers where

the ribbons in tension are vibrated. If the ribbon tensions under

acceleration is great enough to cause creep, the differences of

frequency will change and a false acceleration will be indicated.

Statistical techniques (Ref 4) can be applied to determine the

creep over a period of time and under certain conditions.

For long life consideration, microcreep may exhibit itself as the

mass change of a gyro. The mass change exhibits itself as a change

in drift, somewhat in the same manner as exhibited by the initial

stages of a bearing failure. One phenomenon may be falsely inter-

preted to be another.

Another example of a possible microcreep problem, although not

definitely attributed, is the shift out-of-tolerance in the accur-

acy of the accelerometer in the Lunar Orbiter Program (Ref 3).

The loss of the accelerometer accuracy was due to "extended stor-

age." It had been stored so long in %he same position that the

critical axis bias adjustment had changed. The corrective pro-

cedure in this case was to institute a procedure to exercise

the accelerometer and change storage positions periodically.

d. Bellows - Bellows are a source of failure because they are a

moving element. User and manufacturer experience indicate the

use of proven bellows with sufficient capacity in the original

design will provide satisfactory life. Change in the techniques

and materials should be avoided. Early in the engineering of the

Titan Lateral Acceleration Sensing Accelerometers, a Titanium

bellows was designed and tested that developed leaks. Retaining

the stainless steel bellows has proven satisfactory over extended

periods of time. No failures of the bellows have occurred in the

program.
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o Design Selection Criteria

a. Selection Criteria - The criteria are summarized in Table 5.

The force feedback pendulous or suspended mass type of accelerom-

eter is recommended for long life because of its simplicity. There

is a wide range of manufacturing experience to draw upon and the

performance levels are probably adequate for the future manned

missions. Where higher performance is mandatory, the unbalanced

gyro, or the PIGA with its life comparable to the gyro, must be

chosen. The vibrating string accelerometer has not been applied

in recent years and is considered to possess, at this time, in-

adequate experience for application to long life.

Table 5 Design Factors for the Long-Life Assurance

of Accelerometers

Design Factor Remarks

Simplicity* Use the force feedback pendulous or

suspended mass type for simplicity_ all

other parameters equal.

Higher Performance

Mandatory

Employ unbalanced gyro or PIGA when

the increase in complexity dictates the

more complex device. The performance

difference between the force feedback

pendulous and the PIGA is probably less

than a factor of i0.

Experience Use only proven designs and processes.

Minimize risk by selecting a fixed de-

sign with a long successful operational

history, preferably, in a use similar to

the new application.

Fluid Fluid being a transport medium for dirt

should be controlled both for particu-

lates and effects of chemical reaction

with other materials in the accelerometer

subsequent to manufacture.

_§gii_-E_g_g-Egggig_8_gEg_-_e the simplest in-pr{ncipal and con-

struction, but their lower accuracy has not permitted their use as

navigation instruments. They should be used when performance re-

quirements permit.
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The design of an accelerometer is highly dependent upon the

demands of the application in terms of the accuracy and the

environment of the space vehicle. Table 6 presents some design

configuration and application information for orientation pur-

poses. In the force feedback accelerometer (proof mass or

pendulous), the resolution and accuracy is related to the gain

in the feedback loop, the resolution of the pickoff, and in-

versely proportional to the proof mass itself. The bandwidth

is related to the square root of the gain in the feedback loop

divided by the mass. Noise in the system is dependent on the

bandwidth. All of these are design factors to be considered

in the individual applications,

The following is extracted from Reference 5:

"No application has been reported where a successful ac-

celerometer on one system has been used, without any change,

on another system. Therefore, in applying an accelerometer

to a system, some changes must be accepted. There is always

some risk associated with these changes and this is ushally

identified as Design R_gk.

"This Design R_sk can be minimized by selecting a fixed

design with a long successful operational history. The

changes that are required to adopt the accelerometer to

the new situation can be readily identified. Once these

are established, the test program developed for the accel-

erometer should include an evaluation of these identified

changes.

"Prior to actual use, data should be sufficient to allow

a complete evaluation of the accelerometer which should

include the effect of changes that had to be accepted to

adopt it to the new application.

"Changes in approved practices or materials must be

treated with extreme caution. History is full of situa-

tions where an undetected change in a process of ma-
terial has cost millions of dollars to correct.

"Traceability requirements should be imposed early in any

instrument program. This prevents acceptance of marginal

units and can be used to trace the extent of a faulty

assembly process or material used in instrument build."
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Tab le 6

Model

Manufaot_rers Number and

Application

Examples

Kistler 303B

hlted

gontrols 5706

_nited

Controls

3endix

AB3-KB

Delco PIGA

Delco

Model AC613

Sperry

16 PIPA

Kearfott

2401

Systron

Donner 5450

Systron

Donner 4310

Systron

Donner 4810

Statham

A-304C

Arma D5C

Bell 1):3

Bell IIIB/

VIIB

Honeywell

GGII6

Honeywell

GGI77

Intelsat

Tiros

ATS

Titan III

Saturn

Titan

Titan

Apollo

(CSM, LEM)

Mariner,

LEM-Abort,

Delta

Biosatellite

Surveyer

Titan III

Apollo (CSM)

A_pl ication

Type

Force

Balance

Torque

Balance

PIGA

PIGA

Force

Balance

Pulsed

Integrating

Pendulum

Torque

Balance

Torque

Balance

Torque

Balance

Torque

Balance

Temperature

Range, °F

O4 ±6

150 ±5

i0 -200

Saturn

(Load)

Atlas

Viking

Ranger s

Agenap

Scout

Gemini,

Centaur

Prime,

Agena,

Delta,

Burner II,

Centaur,

Thor

Spring

Mass

Vibrating

String

Torque

Balance

Torque

Balance

Torque

Balance

Torque

Balance

0 -70°C ±l°C

170=F

Nominal.

Proof

Mass

Sequence

Pivot

Jewell

Gas

Spring

Pivot &

Magnetic

Hinged

Pendulum

Pivot

Jewell

Pivot

String

Material of

Proof Mass

Beryllium

Beryllium

Aluminum

Beryllium

Pickoff

Type

Induction

Moving

Coil

Magnetic

Inductive

Capacitive

Capacitive

Magnetic

Magnetic

Torque

Type

Permanent

Magnet

Permanent

Magnet

Servomotor

Permanent

Magnet

Permanent

Magnet

Permanent

Magnet

Permanent

Magnet

Permanent

Magnet
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The initial testing must be sufficiently complete to "weed out"

the initial failures. The conventional "bath tub" failure curves

apply to accelerometers. The manufacturing and test history must

be sufficient to attain the minimum flat portion of the curve prior

to the actual use in the space vehicle. The point of the minimum

rate of failure is a quality that almost always is a result of

experience with a particular design and specification. For ex-

ample, the same accelerometer, insofar as the design is concerned,

may be adjusted to different specifications.

In accelerometer design for long life, "the devil you know is

better than the devil you don't know," is a basic guideline. Ex-

tremely exacting design, design analysis, process control, manu-

facturing control, test, and application is a mandatory require-

ment to realize the performance potential over the extended pe-

riod of time. These principles, once applied to the force feed-

back proof mass or pendulous accelerometer will result in an

accelerometer with no known life limitation over the time periods

of concern in this chapter.

b. Survey Results - Two surveys of manufacturers and users were

conducted. The first survey obtained opinions about the general

life limiting problems and solutions of accelerometers. The

second survey concerned specific accelerometers and how their

reliability and lives were obtained. The comments and consensus

of opinion of the first survey are given below. The results of

the second survey are shown in Table 8.

i) First Survey - The accelerometers of the type being con-

sidered in this chapter are unique components. Each accelerom-

eter is constructed with a design unique to the manufacturer

with the exception of the MIT design PIGA and PIPA. Industry

surveys are difficult to make on this type of component because

the response tends to be somewhat biased to the particular manu-

facturers or users item. Nevertheless, there have been certain

comments and consensus derived. The general consensus are:

I) There is no definitive element in accelerometers that

is life limited. Materials used have lives beyond the

I0 years life objective;

2) Periodic calibration is required to account for long

term minor changes due to permanent magnet permanence

and other unexplainable changes;

E
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3) Very careful design and manufacture is important to long
life achievement;

4) Trend analysis, that is, scale factor tests to determine

the aging effects of the permanent magnetics are a require-

ment for precision pendulous accelerometers;

5) Once the initial design of the accelerometer satisfies the

requirement for stability in the short term; the same steps

required for that stability tends to build into the accel-

erometer long life capability.

The comments of those surveyed are summarized in the following

paragraphs.

Brad Sage, Systron Donner - Telephone: (415) 682-6161

No problem in long life application of the Systron Donner

genertic type 4310. (Note: the other type number in Table 6

are versions of this type; both single-axis and two-axis ver-

sions.) The stability of a one-year period is 0.05% and 0.005%.

The accelerometer has accumulated 25_000 hours of vibration test-

ing with no failures. The specimens were subjected to 2 g con-

tinuous vibration while running at 30 cps. The seal is soldered.

No microcreep problems were observed. Life problems, if any, are

externally induced by the electronics and other external influ-

ences and not the accelerometer instrument itself. The aging

of the permanent magnetics are a factor, but a predictable factor.

The Systron Donner accelerometers (l-g range) have been installed

in earth dams and run continuously for up to six years with no
failures.

Aaron Copeland, Bell Aerospace

The Model IX is the latest of a series and is used in the Viking

program. The output of the pickoff is amplified and fed back in

a pulse loop. The accelerometer is the pendulous type and the

pendulum is fluid immersed. Mr. Copeland knows of no life limita-

tion problems. Customers have been operating the accelerometer

continuously for five years. The flexure is elgiloy with high

modulus of elasticity. The torquer is of ALNICO and requires

periodic calibration to account for aging affect of the magnetics

on the scale factor. The fluid used is silicon (510 and 55) and

is inert. There are no components that wear.
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JamesDavies, Kearfott Singer -Telephone: (201) 0256-4000,
Ext. 2257

Life of the Kearfott 2401 is essentially infinite. The Kearfott
accelerometers are used both heated and unheated. Mr. Davies
believed the shelf life to be well over i0 to 12 years. The ex-
perience on Subroc was good. The instruments are tested every
three to six months over a period of manyyears. The fluid in
the Kearfott accelerometers is the inert silicon. The seals are
Viton, a silicon base rubber; and there is not a life limit on
the seals. Mr. Davies offered the opinion that; _i Wouid feel

I!
better about flying one five years old than a new one.

G. Fairweather, MIT -Telephone: (617) 864-6900, Ext 4029

The MIT design is the PIPA. This is essentially a gyro without

a wheel and with a solid unbalanced float. The device has had

no life problems. The bellows used are stainless steel, large,

and present no problem. The fluid cleanliness process is im-

portant to avoid contaminates. The accelerometer is tested for

float freedom. The magnetics are subject to a 30-day aging and

are temperature compensated in the accelerometer. Most of the

units operate at 130 degree F, but can operate at other tempera-

tures. No problem with the Viton A rubber seals. Mr. Fairweather

stated that the general performance capabilities of the PIPA is a

level above the pendulum accelerometer.

Messrs. R. Maginn and Ivers, Martin Marietta Aerospace

Martin Marietta's Denver Division has been supplied accelerom-

eters for application in their products by United Controls,

Kearfott Singer, Systron Donner and Bell Aerospace Corporation

(through United Aircraft). Martin Marietta user experience is

extensive. There has been no identified problem with life ex-

cept for the aging of the permanent magnets. Early in a design

phase, titanium was unsuccessfully experimented with for the

bellows in the Kearfott 2401; however, the stainless steel bellows

proved satisfactory. The bellows is usually supplied to the ac-

celerometer manufacturer by a separate company. In the Viking

application there is a sterilization requirement of 600 hours at

275°F. There is some creep during this process, however, this

has the effect of stabilizing the instrument. No problem was

experienced with a 1200-g-pyro shock and a 10-g rms vibration

on the Viking application.
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In a review of the failure data on the lateral acceleration sens-
ing system (LASS) used on the Titan III vehicle which incorporated
the Kearfott Singer 2401 type accelerometer, only once was an
accelerometer rejected for aging effects upon the scale factors
(Reference 6). It is noteworthy that the life specification has
been prolonged to seven years as actual test experience was ac-
cumulated. Data on the bias and scale factor on those systems
is given in Table 7, and Figure 8 and 9.

2) Second Survey - The results of the second survey on specific

accelerometers are summarized in Table 8.

c. Alternate Approaches - The general accelerometer technology

on the force feedback pendulous type accelerometer has been de-

veloped to a state where long life is inherent in their design.

The steps in the design required for the initial stability are

those required for long term life performance. The operational

simplicity of the force feedback accelerometer, a single moving

element held in a nearly fixed position by a single feedback

loop, makes it a highly desirable design.

When alternatives are considered, the alternative of a dry accel-

erometer should be made. The conventional accelerometer is wet,

fluid filled with the wet fluid providing some of the damping for

severe environment. The fluid provides an additional vehicle for

particulate and chemical contamination. Therefore, there is a

desirability for eliminating the wet fluid.

The dry accelerometer utilizes a concept where the damping is

derived from a squeeze film concept. An oscillating disc that is

a part of the displacement sensing system provides the required

squeeze film gas damping. This concept requires another operating

element, that is, the squeeze film oscillation system.

New concepts may be contrary to the depth of the experience with

some of the existing designs. The principle drawback is the lack

of experience data on the new concepts. The risks of applying a

new concept with some possible advantages of long life must be

traded against the designs with long experience in the desired

operating conditions.

Again, existing technology appears to be sufficient for long life

application unless a new performance requirement exists such that

existing designs are not sufficient.
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Tab Ze ? LASS Performance His tory

S&r. No.

1

6

7

8

9

13

16

17

18

21

28

29

8
II

13

19

24

27

30

31

32

33

34

35

36

Axis

A

B

A

B
A

B

A

B

A
B

A

B

A

B
A

B

A

B
A

B

A

B

A

B
B

A

B

A

B
A

B
A

B

A

B
A

B
A

B

A

B

A

B
A

B
A

B

A

B

Bias
a K (z)

O

0 051

0 068

0 028
0 023

0 018

0 003

0.011

0.023

0.05&
0.023

0.023

0.013

0.008
0.018

0.026

0.021

0.012

O. 003

O. 074
0.045

0.020
0.020

O. 005

0.015
O. 054
0.002

0.017

0.133

O. 141

0.056

0.035
0.019

0.024

0,055

0.023
0. 029
0.027
0.013

O. 0O8

0.018

0.022

0.041
0.002

0.002

0.018

0.018
0.009

0.017

0.025

Scale factor

213

132
157

84

!93

51

236

86

35
61

178

211
120

155

ii!

49

69

254
107

127

I01
135

97

56

I00
I

60.6

360

34

249

6.63

+681
+113

-616

+523

-25
-6

+9

-62

-84

_ri.86

-320
+] 75

+3784

-3580

-70
-22

-250

_-27

Feriod (years>

I

I

1

I

i

I

I

1

I

1

i/2

I/2

3
3

4

4
4.5

4.5

7.25
7.25

7.25
7.25
1.0
1.0
!.25
1.25
2.0

2,0

2.0
2,0

2.0

2.0

1.0
1.0

io0

!.0

NOTE:

Scrapped
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Table 8 Suru_y ef Users and Manufacturers on Specific Part8

Part Description

and

Using Program

Lateral Accelera-

tion Sensing System

PD96S0007

(2 Accelerometers)

Kearfott

2401

Mariner-

Titan

Systron-

Denner

4.810

Surveyor

Honeywell

GG 177

Agena

United

Controls

5706

Titan IIIB

Delco

653A

Carousel IV

Kearfott

2414

A-7 SRAM

Bendix

PIGA

Pershing

Users Opinion of Why

Part Was successful

User believes good

specification, good

coordination with

vendor, and good

margin of perform-

ance in the sensor

made the device a

successful item.

Unit performance speci-

fications exceed system

requirements.

Some development (Q.C.)

problems, less design

margin, no problems

after Q.C, bugs worked.

Long development pro-

gram - many produced.

Low system performance

requirements.

Many built, no develop-

ment required.

High production

quantities; good

basic design.

Extensive development

program.

Manufacturer's Opinion

of Why Part Was Suc-

cessful

Manufacturer believes:

i. Because the accel-

erometer performance

capability far exceed-

ed the requirement,

the likelihood of a

performance failure

was practically ellm-

inated,

2. Lot traceability

and screening of parts

payed off.

3. In most programs

competitive bidding

would have eliminated

the performance margin

advantage.

4. Beyond documenta-

tion, the ability of

the user and manu-

facturer to solve de-

velopment problems

finds its way in the

final product integrity.

Accelerometer specifica-

tions far exceed system

requirements; good

basic design.

Good design, good quali-

ty assurance, lot

control.

Stringent development

program, process

controls.

Simple basic design,

good performance margin

over system specifica-

tions.

Manufactured in large

quantities, established

production techniques,

good Q.C.

Good basic design, long

development program,

many units produced.

Stringent controls

exercised during all

phases of build.

Reco_ended Guidelines

Improvements, Procurement

Spec Requirements, etc

i. Good margin of perform-

ante.

2. Lot traceability and

screening.

Use good proven design

with large performance

margin.

Incorporated llfe and

reliability require-

ments in the design

specifications.

Require acceptance screen-

ing at sufficient stress

levels to assure quality.

Review reliability assur-

ance and reporting systems

to assure adequacy.

Use procedures which

minimize degradation

and possibility of

damage during test.

Nothing wrong with design

have safety margin be-

tween unit spe¢ and

system requirements.

Require adequate controls

over materials, proce-

dures, adequate

screening.

Relative Impact on

Yield & Cost of

Incorporating

Reco_m_endations

I. Moderate cost

increase.

2. Some cost

increase.

Moderate in-

crease in cost.

Possibly in-

creased cost.

Lower yield,

higher cost.

Increased cost

reflected to

unit.

Increased

cost.

Increased cost

over "low

cost" unit.

Lower yield,

increased

cost.
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d. Hardware Life - Operating or non-operating the force feedback

pendulous accelerometer is good for I0 years. The only known life

limiting and aging elements are the permanent magnets. Periodic

adjustment for scale factor can be made because there is a pre-

dictable log decay of the scale factor. Periodic tests to detect

scale factor change can also be used. If greater accuracy is re-

quired (factor less than i0) the PIGA can be used. However, the

life will be limited to 3,000 to i0,000 hours for the ball bearing

PIGA and i0,000 hours for the gas bearing PIGA. Vibrating string
accelerometer is not recommended at this time because of a lack

of recent experience data.

e. Application Guidelines - Because of the critical nature of

performance, accelerometers will probably require periodic test-

ing even though they inherently possess long life. The change in

scale factor due to permanent magnet changes will, with time, re-

quire some adjustment.

It is important to choose an accelerometer whose performance

margin or level exceeds the demands of the application, This

may be more expensive at the outset; however, the priority should

be applied to performance margin along with costs. With a per-

formance margin, the instabilities that are always present to

some degree can be below the specification limit.
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Do TEST METHODOLOGY AND REQUIREMENTS

Depending upon the tolerance limits required in the particular ap-

plication, a testing and recalibration process will probably be

required to check and possibly calibrate the accelerometer. Test-

ing at intervals may be required to determine the trend in the bias

instability and the scale factor. Scale factor, a function of the

aging of permanent magnets over the time period, can be predicted

from initial data and subsequent test data prior to flight. How-

ever, for usage exceeding five years, periodic tests should be made.

The general stability of the accelerometer can also be measured.

Normally, only 40% of the cost of the accelerometer is in the ini-

tial manufacture. The rest of the cost is for testing and documen-

tation. For the long term and repeated manned application, the

testing effort will no doubt increase.

There is no reliable initial test process to enhance long life per-

formance. There is no known accelerated testing technique on the

complete assembly. The experiment with sterilization would appear

to stabilize the accelerometer as seen by the data presented

earlier in the report; however, there is no long term data on these

accelerometers. This test process would be deemed too risky at

this time.

Periodic testing involving repetitive testing may be required for

scale factor and bias throughout the life of the accelerometer.

The overall complexity of the test program is highly dependent

on the accelerometer sensitivity and dynamic range. Normally,

all the tests can be made at l-g, that is, without the use of a

centrifuge.

There is no screening processes or wear-in tests employed for

accelerometers.
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Ee PROCESS CONTROL REQUIREMENTS

Accelerometer manufacture process control is:

I) Design dependent, and;

2) Usually is a result of evolution and experience.

Because of the proprietary aspect of the accelerometer, no general

process control steps can be stated applicable to each and every
accelerometer design.

Process control for contamination control, clean assembly areas,

pre-conditioning of permanent magnets, and temperature cycling

for material creep are all candidates for control during the

manufacturing process.
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F.

l,

PART USAGE

Previous Manned and Unmanned Accelerometer Ap_llcations in the

Space Program

A review of the present space programs has yielded data on the

application of accelerometers to the present manned and unmanned

programs. The purpose is to provide a background of previous

usage and information on the life aspects of previous designs.

Table 9 presents a list of the programs examined. Programs where

accelerometers have been applied are underscored. Most of the

satellites have been of the spinning type and did not utilize at-

titude control and inertial instruments. There are, however,

significant applications and these are set forth in Table i0.

Considering the application of present accelerometers, only those

that are directly applicable to manned flight will be included.

These are usually associated with the following functions:

i) Inertial Navigation and Guidance - An inertial measurement

unit, either gimballed or strapdown, is used to provide

acceleration signals. These are normally processed in com-

puter logic to obtain velocity and/or position for naviga-

tion and guidance. Boost acceleration levels are of the

order of 8 to I0 g on the smaller vehicles. The accelerom-

eter accuracy requirements are on the order of 10 -5 g for

bias uncertainty, and 10-5 g/g for scale factor uncertainty;

2) Velocity Change, V (course correction and space navigation) -

Velocity Changes are used for a guidance maneuver to determine

the appropriate engine cutoff signal. The acceleration level

during the maneuver is generally on the order of tenths of a

"g" and the overall accuracy demanded on the acceleromter meas-

urement is on the order of i0-_ g;

3) Control - Load alleviation in large launch vehicles and damp-

ing of nutational motion in spinning vehicles involve levels

generally less than a "g" and accuracies on the order of 10 -2

g.
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Table 9 Space Programs Reviewed

An underline indicates that program employed accelerometers.

Score

Courier

Symcom(s)

Early Bird

ATS (s)

DCSS (s)

ESSA(s)

SECOR(s)

oso(s)

Mariner

OAO

Surveyer

Scout

Titan

Saturn

Echo(s)

Telstar(s)

Loft(s)

IDCS(s)

TACSATCOM

TIROS (s)

TRANSIT(s)

BEAGON

AOSO(s)

VELA

Lunar Orbiter

Ranger

Delta

Centaur

At las

Burner

Oscar

Relay(s)

LES(s)

Intelsat(s)

Sye Net

Nimbus(s)

NAVSAT

EXPLORER(s)

OGO

Pioneer

Biosatellite

Gemini

Apollo

Prime

AKen a
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Table 10 Accelerometer Applications

VEHICLE

Intelsat

ATS

Tiros

Mariner

Biosatellite

Surveyer

Ranger

Gemini

Apollo

LEM-Abort

Prime

Agena

Burner II

Centaur

Centaur

Titan

Titan

Titan

Saturn

Delta

Titan IIIC

Titan IIIC

Delta

Thor

Saturn

Atlas

Viking

ACCELEROMETER

Kisler 303B

United Controls 5706

Kisler 303B

Kearfott 2401

Systron Donnor 5450

Systron Donnor 4310

Bell IIIB

Honeywell GGII6

Sperry 16 PIP

Kearfott 2401

Honeywell GGI77

Honeywell GGI77

Honeywell GGI77

Honeywell GGII6

Honeywell GGI77

Kearfott 2401

Systron Donnor 4810

United Controls

Bendix AB3-KB

Honeywell GGI77

Delco PIGA

Delco AC653

Kearfott 2401

Honeywell GGI77

Statham A-304C

Arma D4C

Bell IXB

APPLICATION

Nutation Damping

Nutation Variable

V

Boost Thrust

V

V

!MU

IMU

Strapped Down

Strapped Down

V & Strapped Down

V

IMU

IMU

Control

V

V

IMU

V

IMU

IMU

IMU (Strapped Down)

V

Control

IMU

Control
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Accelerometers are commonlyemployed in several other functions in
addition to the above. These include leveling of an inertial plat-
form prior to launch and monitoring for flight instrumentation.
Also, in someof the more demandingapplications, accelerometers are
used in instrumenting the performance of electric propulsion for
spacecraft. This later application is rather interesting since the
requirements involve active measurementfor periods of months. Con-
sequently, it requires, in addition to the extremely low levels of
acceleration measurement,very good stability. Electric propul-
sion at this time does not involve mannedspace vehicles.

Table 6 sets forth the manufacturer's model number, nameof the
program that utilizes the instrument and presents someof the
pertinent characteristics of the accelerometer (Ref 5). The spe-
cific operating parameters of each accelerometer instrument that
is not directly involved with life is not provided. It should be
stated again that the technology is in a state of flux. Some
concepts, llke the vibrating string accelerometer, apparently are
not applied anymoreand constitutes obsoletedeslgns while others
are emerging and maybe ready for application.
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G. GENERAL DESCRIPTION OF ACCELEROMETERS BEING CONSIDERED

.

Accelerometers are measuring devices that provide an output corres-

ponding to non-gravitational acceleration. They employ Newton's

second law. The accelerometer instrument measures force per unit

mass. When applied to a space vehicle, it measures the component

along the sensitive axis of the instrument of non-gravitational

forces. The flight computer derived gravitational acceleration is

summed with the instrument measured acceleration to obtain inertial

acceleration for use in navigation. See Figure ii. Velocity and

position is derived by the integration(s) of the initial accelera-
tion.

There are several fundamental different types of accelerometers

commonly employed. These are:

i) Pendulous ;

2) Vibrating String;

3) Pendulous Integrating Gyro Accelerometer (PIGA).

The Pendulous Accelerometer

Figure 12 sets forth a basic design of the pendulous type of

accelerometer. The most common accelerometer at the present

time is the pendulous type. It is used in a force rebalance

electronic mode where the output position of a "proof mass" away

from the null initial position is amplified and fed back to a

torquer. The current to the torquer in this mode is the measure

of acceleration (force/mass) of the proof mass pendulous element.

The entire flexure supported elements are usually immersed in a

fluid in applications involving vibration and shock. This fluid

also serves as a damping medium.

The basic elements of the pendulous accelerometers are:

i) Pendulous Proof Mass;

2) Flexure Suspension;

3) Torquer (usually permanent magnet);

4) Pickoff-aircore differential transformer or capacitive;

5) Fluid Damping (optional).
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Pickoff

"_ ,.c

_ 2.-

PA (Pendulous "-'2_ "

Axis)

i
Pickoff /

Output

IA (Input Axis)

! !

''i' ' ,I¢ i | ! , •

e | ! i ! s I
' _ ' * ' J ' J I ,

/

Pickoff Excitation

Torquer

Proof 9 _F-Case

Pendul_ss_Flexure

OA (Output Axis)

Figure 12 Pendulous Accelerometer
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Vibrating String Accelerometer

This accelerometer involves a seismic mass supported by two flex-

ible tapes that vibrate with frequencies proportional to the ten-

sions applied. Under acceleration, the seismic mass causes an

increase of tension in one tape and a decrease in the other. The

frequency difference between the two tapes is proportional to the

applied acceleration. See Figure 13.

Pendulous Integrating iGyro Accelerometer _PIGA_

This type is considered to be the most accurate device in opera-

tional use. A floating single-degree-of-freedom gyro designed

with pendulousity along its spin reference axis serves as the

force sensor. Acceleration along the gyro input axis acts on the

resulting unbalance to develop a torque that rotates the float

about its output axis. A turntable supports the gyro case and is

driven by a torquemotor to rotate the gyro about its input axis.

When driven at the proper rate by a servoloop, the gyroscopic

precession torque is equal in magnitude and opposite in direction

to the pendulosity torque. Output is obtained from an angular

encoder on the turntable shaft which produces a pulse rate that

is proportional to the acceleration.

The PIGA takes advantage of a direct implementation of Newton's

second law. It possesses the characteristic of linearity and low

hysterises. The gyro itself is comparable in complexity to

other precision gyros with the addition of a servomotor and the

digitizer pickoff (slip rings and bearings).

The unbalance gyro accelerometer is heavier and more costly when

compared to the more simple pendulous type. See Figure 14. The

unbalanced gyro accelerometer as an inertial instrument is sensi-

tive to input angular rates relative to inertial space. A con-

sideration that becomes of increased importance in a strapped

down application.
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Figure 14 Unbalanced Gyro Accelerometer
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Another type of accelerometer is the PIPA, for Pulsed Integrating
Pendulous Accelerometer. The design of this instrument is most
like the unbalanced gyro without the wheel and the servoplatform
loop. In this instrument there is a pulse rebalance feedback loop
between the output axis pickoff and a torque motor on the output
axis and a combination of fluid and magnetic flotation. Very care-
ful handling (for example, constant heat) maybe required for high
accuracy and stability for the PIPA instruments. References 5
thru ii provide additional descriptive information.

There are manyother types of instruments for sensing acceleration.
It could be concluded that the state-of-the-art is in a state of
flux and there is no single configuration applied.
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IV. GYROSCOPES AND BEARINGS

No INTRODUCTION

The gyroscopes considered are the sensing displacement and rate

gyroscopes and the control moment gyroscopes. Gyroscopes are a

vendor unique item; that is, each manufacturer's design is some-

what different from another manufacturer's design. There are

some elements in nearly every design that are not common. Be-

cause the exact unique gyroscope design features that future

manned vehicles may use are unknown, this report highlights those

design features where there is a degree of commonality. It also

highlights those features that are involved in enhancing the per-

formance potential for the extended period of time. Section G

of this chapter presents a general description of gyroscopes for

reader information.

Experience indicates that the primary life limiting part of gyros

is the motor/rotor bearings. This is followed by drift instabi-

lity, contamination, leaks and pivots. This report recommends

further investigation into a particular design of the grease bear-

ing concept as a solution to some of the life problems of the con-

ventional ball bearing and the gas bearing gyroscopes; the grease

bearing has a greater tolerance to contamination as compared to

the gas and ball bearing. The grease bearing also possesses a

potential for extremely long life. Generally, the ball bearing

gyro wheel can be expected to achieve an operating life of 3000

to 6000 hours under service conditions; the gas bearing life is

around i0,000 hours and the grease bearing is potentially much

greater.

Long-life is influenced by many factors. Exacting design, manu-

facturing care and application are extremely important factors.

For example: a piece of dust weighing a thousandth of a gram, or

a creep in the material of a gyro float, can introduce a drift

rate equivalent to a nautical mile in an inertial grade gyro.

How the failure occurs is important as well as how the gyro can

be tested to determine incipient failures and how the gyro can

be screened to determine a good gyro from the life standpoint.

Figure 1 illustrates how gyro performance and bearing life improve

with maturity of design.
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m. GUIDELINES FOR LONG-LIFE ASSURANCE

i,

o

The major problem with gyroscopes is the wheel bearing reliability

since its life ranges from 3000 to i0,000 hours. Testing of the

gyros for incipient gyro failure during this interval of time is

necessary in some applications. Other life limiting factors are

the permanent magnet torquers, contamination, and instability in

the material causing excessive drift rate.

Design Guidelines

1) If the mission requirement is for long-life with interrupted

operations, especially in severe mechanical environments, the

bearing choice favors a ball Bearing wheel gyro because bear-

ing failure takes place over a period of hundreds of hours

and the ability to restart is predictable from test data .

2) If the mission requirement for long-life is for uninterrupted

operation, the Bearing choice favors the gas bearing because

there is no wear under run conditions. If the application

permits continuous operation, a gas bearing gyro should be

used because it permits increased performance and minimal

frictional wear in the bearing due to start-stops.

3) If there is a mature existing design that meets the identical

new gyro requirements, use it in preference to a new design.

A new development is a potential source for major problems.

4) Exacting design, manufacturing, and design for manufacturing

is important for a successful product because material creep,

chemical compatibility and design to prevent voids and sharp

edges has proven necessary by experience.

5) Use the lowest operating temperature for the gyroscope com-

mensurate with the application because chemical action in the

lubricant decreases with decreased temperature.

6) Incorporate spin motor rotation detection in the design to per-

mit run-down testing at the systems level.

Process Control Guidelines

I) Extreme cleanliness in themanufacturing process is essential

because dirt particles as small as 0.001 grams can cause ex-

cessive drift in certain applications.
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Test Guidelines

i) Monitor gyro parameter operating levels and stabilities to

establish a record against which observed changes can be
evaluated.

Application Guidelines

i) Be certain that the gyroscope specifications meet or exceeds

the application requirements for all parameters. The most

critical parameter pertaining to reliability are vibration,

temperature, shock and acceleration.

2) Redundancy options must consider the more gradual failure of

the ball bearing gyro as opposed to the almost instantaneous

seizure when the gas bearing fails.

Special Consideration

i) The production run of wheels in any gyro program should in-

clude a quality monitoring plan in which sample wheels are

operated to failure according to appropriately specified

failure criteria. These wheels should then be inspected for

the condition of the materials in the wheel assembly. The

results which represent typical conditions of the entire run,

provide a basis for extrapolation of wheel failure rates,

operating life, and reliability factors. They also provide

a basis for failure analysis, product and yield improvement,

and comparison with similar records from other programs.

C, LIFE LIMITING PROBLEMS AND SOLUTIONS

i. Failure Mechanism Analysis

The life of a gyro is a function of how the gyro is used. The

m-_o_ _fe l_miting pa_t inn t-_ g_J _s the motorT-rot--_ bearing.

The primary failure mode for a gas bearing is high friction. The

friction in the bearing becomes too large for the starting torque

of the spin motor to overcome, and the wheel fails to start. Con-

sequently, there is a tendency to keep the gas bearing wheel spin-

ning continuously. In ball Bearing gyros, the most common failure

mode is the wheel bearing becoming noisy due to lubrication break-

down. Table 1 present failure modes, effects, and detection methods.
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The following paragraphs discuss bearing design, life, failure
mechanismsand lubrication. Manyof the life problems are sub-
stantiated by facts in the Previous Experience presented in Sec-
tion H of this chapter.

Table I Failure Mechanism Analysis

Probable Failure Detection

Part and Function Failure Mode Effects Mechanisms Method

Gyro Wheel

Bearing (both

ball bearing

and gas)

Fluid

Contamination

Fluid Leaks

Broken Pivots

Lubricant or

running sur-

face deteri-

oration

Foreign

particle in

damping gap,

gimbal piv-

ots

Mass

Unbalance

High drift

Output noise

to no output

Noise on

output

Excessive

drift

Execssive

Contamination,

wearout

Contamination

Inadequate seal

solder voids

Contamination

and contami-

nated pivots

Drift

Instability

drift

Material

creep

Excessive

drift

Material

instability

with time

Noise on out-

put

Float freedom

drift stability

Drift tests

Drift tests

Drift tests

There are primarily two methods of supporting the rotating wheel

and providing the required mass stability of the wheel assembly:

I) Ball-bearing (elastohydrodynamic) Support, and;

2) Gas-bearing (hydrodynamic) Support.

Another method involving grease support (reference i) is under

study and development; however, there is no long-life experience

available for this concept. This report recommends further work

on the grease bearings.
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In the ball-bearlng support, the required stiffness is obtained by
varying a combination of ball-bearlng assembly design elements. In
the gas bearing support, the required stiffness is obtained by vary-
ing the bearing gap geometry or gas density. Both types of support

are complex with the limiting considerations being the available

motor torque, required stiffness, thermal gradients, bearing operat-

ing temperature tolerance, lubricants, power requirements and heat-
removal mechanisms.

Wheel bearing life is dependent on the stability characteristics

of the Bearing and its lubricant and is affected by the failure

definition chosen. Life is properly defined as the operating hours

during which the mass stability caused by the wheel remains within

the system specification. However, ultimate functional failure

occurs when the gyroscope for any reason will not satisfactorily
perform its system function.

a. Ball Beaming8 - Experience on several programs large enough to

produce reliable statistics shows clearly that a small percentage

of selected ball bearings produced wheels that had a very long life

(i.e., 30,000 hours or more). A larger percentage produced wheels

which had a moderate life (i.e., 3000 to 6000 hours). A minimal

percentage (more than 50%) did not produce good wheels. The popu-

lation of gyros on these large programs contained a proportion of

long-life and moderate-life bearings. The vast difference in life

expectancy between the two groups explains why examination of the

running characteristics of a gyro population during the first few

hundred hours as practiced on these programs did not necessarily

correlate with the eventual failure rate (Reference 2). Some

gyro programs, (MIT/ILOAO) suggest that very long life and high

reliability can be achieved through the use of adequate selecting

techniques. Many techniques are available for screening bearings,

retainers, and completed wheels to eliminate assemblies with short

life. This screening can be done with high efficiency.

Bearing life may be improved by changes in operating temperature.

Results from the Lunar Orbiter program, in which both Sperry SYGI000

and Kearfott Alpha gyros were employed, suggest that a 20°F reduc-

tion in operating temperature (to 145°F) resulted in doubled operat-

ing life (Reference 2). This can be attributed to the principle

that the speed of chemical reactions decreases with decreasing

temperature. Assuming no change in the lubricant, the improvement

might also be atrributed to the increased elastohydrodynamic film

thickness resulting from the increased oil viscosity at the lower

temperature.
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The spin-axis gyroscope bearing is a major determinant of both
gyro life and performance. Fractional microinch position stability
over extended time periods is required for the high performance
space vehicles. To achieve this stability and to achieve long
life, the ball bearing must run successfully on an elasto-hydro-
dynamic fluid film.

To achieve the current state-of-the-art bearing metallurgy, geometry,
groove-surface topography and chemistry, lubrication ball-retainer,
contamination control, dynamic behavior, testing and process vari-
able have all been improved (Reference 3). Also involved are the
surface-film-piercing asperity reduction, surface-chemistry im-
provement, and lubrication-mechanism advancement.

Of major concern in long-life assurance is the adaptation of mea-
suring devices to join the functional tests in evaluation of: (i)
bearing characteristics, (2) potential life and performance at
various stages during the manufacturing process, and (3) during
the periodic testing during the service life of the gyroscopes
instrument. This failure relates directly to the "bath tub"
failure relationship and the realization of the flat portion for
long life application.

The principal requirements of the gyroscopic spin-axis ball bear-
ing are:

i) Long life at the required performance level;

2) Freedomfrom physical and chemical degradation of all elements
of the bearing, and;

3) The maintenance of dimensional stability of the gyroscope

element.

Failure can be evidenced by a slight deterioration in the gyro

performance to the outright inability of the spin momentum wheel

to turn because of seizure. The dimensional stability of the

bearing can be illustrated by the fact that, in a typical high

performance gyroscope, the error specification can be 0.015°/hr

for 0.2 microinch displacement in the wheel along the spin-axis

(assuming a 2 x 106 gm cm/sec 2 wheel weighing 225 gm in a 1 g

field).
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I) Mechanism of Failure for Ball Bearings - The bearing must have

a full stable elastohydrodynamic (EHD) film of lubrication for sta-

ble and satisfactory performance. This is fundamental. Piercing

of this film during running causes chemical and physical degrada-

tion of the lubricant and of the metal surface, this in turn changes

the location of the wheel. As stated previously, deviations in

the location of fractions of microinches can cause the gyroscope

to possess excessive errors. The piercing of the lubrication film

is a progressive action once started. As the debris formed by the

high speed metal contact progresses, further piercing of the film

occurs. The lubricant sludge formed by this process is deposited

beside the pressure zones and has a sponge effect in drawing the

lubricant from the region where it is needed to maintain a film.

As the mode of failure progresses, bearing torque becomes erratic,

the lubricant is dissipated, the metal wears, and the torques in-

crease to the point and condition where the speed is decreased.

The running time from the onset of the piercing of the lubricant

film to the condition of speed change can be several thousand hours.

Metal fatigue does not play a major part in gyroscope bearing
failure.

Proper initial design enhances the operating of the bearing and

the maintenance of the EHD film. These design factors are:

i)

2)

The metal components (races and balls) must have a geometric

form that generates the required EHD film with acceptable

stress levels over the entire pressure zone.

The metal must sustain the load without plastic flow or sur-

face damage.

3) The surfaces must be free of film-piercing asperities and must

chemically support a boundry lubricating film at low speed

and an EHD film at operating speed._

4) The lubricant must demonstrate the chemical and physical

properties needed to achieve these films with acceptable

torque level and possess both chemical and thermal stability.

5) The ball retainer must maintain a controlled lubricant reser-

voir and circulate this lubricant as needed for a full EHD

film.
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6) The environment of the bearing must be chemically, physically
and thermally compatible with the bearing.

7) The bearing must be free of contamination that can cause
piercing of the EHDfilm.

8) Insensitivity of the wheel location to acceleration field
variations.

9) Stability of the bulk lubricant and film uniformity.

The aforementioned factors must be accompaniedby very careful
initial assembly and manufacture.

Proper controls and processing are of utmost importance for long
life performance to prevent particulate contamination, chemical
contamination, overheating, mounting distortion, overstressing,
scratching, denting, over-lubrication, under-lubrication, exposure
to corrosive environments and etc. Reference is made to ALERT-
MSFC-69-5(reproduced in Section I) where excessive heat exposure
during gyroscope assembly was evidenced. With proper design and
the aforementioned attention to the manufacturing stage of assem-
bly, the bearing testing for incipients can be a reliable process
for life determination.

A discussion of the various test methods that can be employed is
covered later in this section; however, it is important to keep
in mind that the gyroscope itself, its function and purpose,
makes it inherently a very sensitive diagnostic device for bear-
ing failure. As stated previously, the drift of the gyro in-
creases and becomesmore unstable as comparedto previous test
results as the bearing degrades.

Figure 2 shows a cross section of the ball-bearing to present
the bearing nomenclature.

Muchof the detail of each bearing application is coupled with
the specific gyroscope configuration and requirement. There
are, however, somepoints where there is greater commonality
and the failure modeanalysis will concentrate on these factors.
Individual bearing configurations may vary with respect to the
basic size, material, mounting method, preload, speed lubrica-
tion, contact angle, race-groove curvature, inner or outer land
relief, retainer configuration and tolerances assigned to these
factors. For example, if there is a requirement for performance
under acceleration, the most critical bearing parameters may be
the contact angle, numberof balls, race-groove curvature and
preload. Proper initial design is probably the most critical
feature of long life performance.
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Figure 2 Bearing Nomenclature
\

2) Detailed Ball Bearings Life Considerations - Metals, geometry,

surface and chemistry considerations are discussed in the fol-

lowing paragraphs.

Metal - The demands on the steel in the bearing construction is

different in gyroscope bearings. The maximum stress is generally

around 200,000 psi. The bearing generally operates in a tempera-

ture environment of about 150°F, and in an inert atmosphere. The

demands upon the bearing metal evolves the basic requirement that

the material must be free from elastrohydrodynamic film

piercing asperities. Therefore, the race-groove and ball surfaces

microstructure must physically and chemically support the EHD

lubrication. Microdimensional stability must be maintained under

the stresses and during the storage conditions that may vary from

-85°F to 225°F.
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In the various types of steels employed, factors during the ini-

tial process control include the chemical composition, the micro-

structure, the carbide, composition, and response to heat treatment.

Inclusions in the material create film-piercing asperities and
lead to the breakdown the EHD film. The state-of-the-art in the

steels used in bearing material is fully adequate for the bearing

performance when rather strict adherence to process control is

implemented. It should not be a major failure component in the

long life performance of the bearing. Again, it should be stated

that material fatigue is not a primary initial failure mode in

gyroscope bearings because gyroscope bearings are not highly
stressed.

Geometry - The geometry is associated with stress levels, EHD film

thickness, and lubricant control. Also affected is the response

to accelerations and producibility. All the tolerances of the

Bearing construction must be of proper design and control to main-

tain the proper pressure zone in the EHD film. The bearing tech-

nology is developed sufficiently so that runout and other toler-

ances can be measured to the required 5 to 50 microinch region.

With the application of the proper design and process controllrun-

out and other tolerances should not be a life limiting factor.

Surface - The primary failure involves the film-piercing asperities

and the loss of the chemical support for the EHD film. The surface

technology involving finishes from 0.3 to 3 microinches are general-

ly sufficient for the EHD film support. The primary concern is for

a surface to "wet" properly to maintain the 5 to 15 mlcroinch EHD

film. Again, this factor is not deemed to be a major contributor

to premature failure in long life performance.

Chemistry - It is known that surface poisoning can take place and

poor wetting can cause premature failure and excessive low speed

torques. There are process techniques to correct and insure that

there is proper "wetting". When properly controlled, these pro-

cesses provide no limitation to long life performance. Some ex-

perience on the Skylab ATM Control Moment Gyros has indicated the

difference between a "good" lot of bearings and a "bad" lot was

the surface finish of the balls in the bearing that pretended

proper wetting. See Section H of this chapter for a digest of

previous experience.
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Lubrication - Lubrication along with the geometry of the bearing

are the most significant long life features' Lubrication is sim-

ply the maintenance of the EHD film by the retainer delivering to

the balls, in a stable manner, the required amount of a lubricant

with the needed properties. Stability in Sensing gyroscopes re-

quires the lubricant be controlled to prevent excessive local oil

building that causes fill-thickness changes. Then there are two

limitations:

i) Stability dictates the total amount of oil that can be carried

in the lubrication system, and;

2) Sufficient oil must be available for long life and maintenance

of a low-friction coupling between balls and retainer.

Sensing gyroscopes with ball bearings use oil contained in a porous

plastic ball retainer. (Control Moment Gyroscope ball bearings may

use a configuration with the oil reservoir in the retainer, ex-

ternal fed, or grease.) Oil used for years has been an oil form-

ulated with an anti-oxidant and an anti-foam and a lubricity addi-

tive (e.g., Humble's Teresso V-78).

Retainer - For years a phenolic laminate has been used for the

retainer, however, problems with the tubes or rods from which

phenolic separators are manufactured has been encountered from

piece to piece and in a single length so that the structure of

the material was not dependable. The inconsistent chemical and

physical properties along with the fact that the phenolic retainer

holds most of its lubricant close to the surface (5% by weight)

indicates Poor general characteristics. Phenolic should not

be used in long life applications. The retainer material proven

satisfactory in gyroscope bearings is the Nylasant with a thorough

porous structure with about 25% porosity. Although Nylasant is

somewhat more difficult to manufacture, some gyroscope bearings

have shown life over 30,000 hours.

Some work reported by Freeman (Reference 3) indicates that for

a specific set of running conditions for R4 bearing, 12,000 rpm

life with Nylasant retainers exceeds 20,000 hours. With laminated

phenolic, it ranges from 5000 to 15,000 hours. With solid non-

porous nylon that has oil retention nearly equal to that of the

_phenolic, it approximates 2000 hours. Doubling the speed to 24,000

rpm leaves Nylasant life essentially unchanged, reduces phenolic

life to about 500 to 2000 hours and drastically cuts life of solid

nylon to less than 24 hours. The Nylasant retainer performs well;

however, like all other features of the gyroscope, process and

other controls are required.

m
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b. Gas Gyro Wheel Bea_ngs - There are several similarities be-

tween the ball bearing and the hydrostatic (self pressure) gas

bearing. These are:

i) Gas as a fluid forms a pressure medium, and;

2) Gas is subject to contamination.

For gas bearings, deterioration may consist of one or more of the

following:

i) Deposit of contaminants on working surfaces;

2) Loss of lubrication, and;

3) Wear of operating surfaces.

The performance of gas-bearlng wheels should be much more predict-

able than ball-bearing wheels because of simple geometry and dim-

ensional precision. Experience indicates that failure eventually

results from:

i) Progressive deterioration of the surfaces caused by the stop-

start cycle, and;

2) Possible contamination and aging which is probably chemical
in nature.

As the surfaces deteriorate, the starting torque level increases

until the available motor torque will no longer start the wheel.

In the absence of high-speed touch-downs (as may result from

excessive slew rates) which could result in catastrophic failure,

the expected system failure mode is a non-start. With cleanliness

assumed, and with wear limited to less than the small amount re-

quired to precipitate a non-start, the gas bearing wheel provides

uniform operating characteristics during its entire life. The

gas bearing provides improved statility of the gyroscope perform-

ance and has the added advantages of having no ball and retainer

dynamics. Life expectancy of i0,000 hours can be expected. Im-

provements in the choice of materials, cleanliness, finish and

lubricants may be expected to increase the life expectancy and

decrease the unit-to-unit life-expectancy dispersion. Present

technology, however, cannot predict either long or short life

for a given gas bearing.
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As with the ball bearing, the rate of deterioration is affected
by the operating temperature. The failure to start due to the
deterioration of the surfaces is alleviated by the choice of the
bearing surface material - materials such as ceramics, flame plate
aluminum oxide, tungsten carbine, chromeoxide, or boron carbide.
The choice of material is governed by the requirements to provide
a consistent and low starting friction for the bearing surfaces
and to survive the required numberof starts and stops.

The basic design and design application is associated with per-
formance over the long period of time. Different stabilities
in gas bearings as opposed to ball bearings influence the opera-
tion of the bearings and is a consideration in the application
of gas bearings.

i) Half Speed Whirl - This occurs on the rotating Journal bear-

ings and manifests itself as either or both an orbiting of the

journal center of mass or a coning of the Journal axis at a

freqUency very nearly one-half of the rotor speed. Also, if the

bearing sleeves are resiliently mounted, they may also exhibit

half-frequency whirl. The half-frequency whirl is a self excited

oscillation. An unloaded journal bearing is unstable. However,

it can be made stable by operating at sufficiently high eccentri-

city ratios. High eccentricity ratios is a design derived param-
eter.

2) Synchronous Whirl - This occurs due to forced vibrations. It

is simply the natural tendency of any resilient mechanical system

to respond to vibratory inputs. Rotor unbalance is one source of

the vibration input and causes the bearing system to respond at

the same frequency as that of the input--i cycle per revolution--

thus "synchronous '_.

To prevent the half-frequency whirl, design to either avoid the

low eccentr%city ratios or add steps or grooves to the surface

similar to those used in the thrust bearings. The design to

prevent synchronous whirl is proper choice of materials and pre-

cision balancing of rotating elements.

Figure 3 sets forth the types of gas bearings and Table 2 compares

the gas bearing configurations. Simplicity of achieving the manu-

facture and design goes hand in hand with the ability to success-

fully apply process controls for a successful long life design.
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OpposedHemispheres

Figure 3

Conical

Types of Gas Bearings

Thrust

Plate

_//_ Hysteresis

'H' Form Sta_or

Table 2 Three Types of BeariNg Configuration_

iAngular Tolerances Spiral Groove

and Alignment of Dimensional Manufacture Mutilation for

Type Axes Tolerances for Thrust Support Whirl Suppression

"H" Type

Opposed

Hemispheres

Conical

4 thrust surfaces

ito be square to the

Journal axes to 3

arc seconds

Very difficult

None

Cone angles to be

the same

Relatively easy

Axes of the 4 bear-

ing surfaces to be

accurately alllgned

Difficult

Diameter of Journal

or bearing

(i0 microinches)

Length of journal

or bearing

(/0 mlcrolnehes)

Diameter of either

male or female

hemispheres

Difficult metrology

or manufacturing

problem

None (eXcept of a

separately manu-

factured spacer)

Straightforward and

relatively cheap

methods available

Very difficult and

probably expensive

Pockets much

cheaper but not

so effective

Almost as easy as

with flat thrust

plates (for cones

of semi-angle 30 D

or more)

Loblng usual but

requires much hand-

work and inter-

mediate inspection

Spiral grooves more

effective but also

difficult to make

Not required

Not required

Suitability for

Coating Surfaces

with Hard Materials

Very difficult to

coat bores

Relatively easy to

coat both surfaces

Very easy to coat

both surfaces (for

cones of seml-angle

30 ° or more)
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Some examples of solutions to contamination in gas bearings is con-
tained in Reference 4.

Experience in the preliminary build process of GGI59E for a steri-

lizable gyroscoPe indicates:

i) The iockup of specific gas bearing motors was due to organic-

particulate contamination and not to vapor-condensed materials.

2) The contamination was associated with bonding and encapsulating
materials in the motor stator.

3) Materials used in spinmotor fabrication compare favorably with

alternate materials tested either as used or with some addi-

tional processings. No material changes were implemented.

4) Water vapor and organic outgassing tests verified the original

assumption that these phenomena would be much more prevalent

at sterilization temperature. As a result, special vacuum-

bake processes were initiated as a prevention.

This seems to illustrate the sensitivity of the gas bearing to

contamination, although the sterilization temperature exceeds the

temperature of gyroscopes used in ordinary manned spacecraft ap-

plication. This also suggests high temperature bake may enhance

long life by eliminating the organic contaminants in a manufactur-
ing process.

c. Materials - Encapsulating materials can change characteristics

with time and effect scale factor and bias torque levels through

stator permeability changes. Differential changes (around the

stator poles) cause bias shifts. The possibility that aging of

stator lamination-bonding materials could affect the stator perme-

ability has not yet been established as fact.

Design_

a. Selection Criteria - The following is the general selection

criteria for gyroscopes. Again it is important to stress that

each type of model number of the gyroscope is unique, and there

is little commonality between the different manufacturers. There-

fore, the selection choice is limited unless a new development is

required, and in that case, the experience factor for long-life

design may be lacking entirely.
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1) Motor Bearing Assembly - The gyroscope application should be

closely examined to determine whether the proper choice for the

wheel rotational interface should be ball bearing or gas bearing.

The decision to select a ball or gas bearing wheel for a given

mission is a difficult one to make. One criterion for making the

choice is to evaluate the history of proven bearings in view of

system requirements, with respect to life expectancy, performance,

and design environment.

Pertinent parameters include:

i) Power required (temperature related) and its stability;

2) Starting/running torque;

3) Voltage (an electrical noise source);

4) Wheel assembly motion perturbations (mechanical noise sources);

5) Anisoelasticity;

6) Life restart reliability;

7) Mechanical environments (linear and angular rates);

8) Acceleration;

9) Vibration and shock (inside and outside the system);

i0) Run-up time;

ii) Lubricant;

12) Running life;

13) Transmassibility;

14) Shelf life;

15) Manufacturability;

16) Spin motor reaction torque;

17) Wheel speed.
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The following items must be considered for ball bearing usage:

i) Wheel mass stability required;

2) Bearing stiffness (contact angle, preload);

3) Mechanical environments;

4) Start and run torque margins;

5) Lubricant comparability with operating temperature range;

6) Required stability of operating temperature;

7) Run-up/run-down time;

8) Motor running power;

9) Thermal resistance to the control point or heat sink;

I0) Ball bearing and retainer dynamic frequencies and their
amplitudes;

ii) Wheel synchronization monitor;

12) Torque margins.

Gas bearings should be specified for use if highest performance
is required, and if the ball and retainer dynamics of the ball
bearing are intolerable. The following parameters must be con-
sidered for gas bearings:

i) Wheel mass stability;

2) Bearing stiffness (gas pressures and running support forces);

3) Mechanical environments (especially those such as slow rate,
which can cause bottoming of the wheel at speed);

4) Bearing type and materials, including lubricant thermal
characteristics;

5) Start/stop life expectancy;

6) Torque margins;
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7) Motor power stability;

8) Run-up, run-down times;

9) Motor running power;

i0) Permissible operating temperature range;

ii) Required operating temperature stability;

12) Thermal resistance to the control point or heat sink;

13) Wheel synchronization monitor.

The choice Between the gas bearing gyroscope and the ball bear-
ing gyroscope could be ranked as following:

First Choice - If there is an identical application, identical
specifications and interfaces required in the new vehicle applica-
tion to that of an existing application and the existing applica-
tion has had a history of successful long-life, then the choice
of that samegyroscope for the new application should be made.

SecondChoice - If the application has no starts and stops in
the gyroscope wheels, and can furnish continuous power, then
the choice should be for a gas bearing gyroscope. Caution should
be made to careful manufacturing controls as previously set forth
in this report for contaminants can cause immediate seizure of
the bearings.

Third Choice - If the application requires starts and stops of
the gyroscope wheel, use a ball bearing gyroscope. Periodic
testing for lubrication film stability will probably be required
(shows up as excessive drift).

Fourth Choice - If the application requires a low noise gyroscope,
then the gas bearing gyroscope is the choice in any case because
the ball bearing gyro possesses more output noise due to the balls
and the retainer.

2) Other Selection Criteria Factors - Repeated temperature cycling

of a gyroscope prior to acceptance testing, through a range rep-

resentative of the expected mission, will speed up ag$ng and im-

prove drift stability.
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Specify treatment of "shelved" or "stored" gyroscopes with regard
for mechanical, thermal and magnetic environments.

Float structure should be as symmetrical and rigid as practicable.
The thermal conductance of the float assembly should be consistent
with the performer constraint considering wheel power, bearing
temperature, thermal characteristics of the damping fluid and
damping gap.

A method to reduce wheel power by techniques of periodic overexci-
tation could possibly reduce the heat in the wheel drive motor.
Other wheel power requirements are power margins, the heat conduc-
tion characteristics of the float, gap, and fluid.

b. Resulte of Su_ey - A survey was conducted on those gyroscope

families which had large production runs. Much reliability data
exists to document the conclusions set forth in Table 3. In all

cases of successful usage, a long design-development program

existed prior to contractual commitment to purchase production
quantities.

Further, consistent in the survey is the opinion that the design

must be conservative. Gyro performance specifications exceed the

system requirements. The greater margin enchances reliability.

Testing, during and after the manufacturing phase, plays an impor-

tant role in screening would be failures at a premature date. The

would be faiiures can be reduced by intensive inspection, material

lot control, and establishment of exacting fabrication assembly

and testing procedures. There is, however, the principle of dimi-

nishing returns involved; and the industry in general feels that

they are operating near optimum.

However, gyroscopes used in missile and satellite applications

require much more control over build and test than do gyroscopes

used for atmospheric, surface and marine applications, primarily

because of the consequences of such a failure in a missile appllca-
tion.
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Table 3 Survey of Users and Manufacturers on _pecific Parts

Part Description

and

Using Program

Teledyne

800-5001

Gyroscope

(Classified)

Kearfott

Gyroflex

Gyro

A-7 & SRAM

(KT-70 Series)

Nortronies

GIT-I B

Minuteman

Kearfott

TEC-C

Autonetics

G-9

Minuteman

Litton

G300-G2, F-Ill

HIT

25PGIO-H

Litton

LN-30

Vibragimbal, F-15

Singer-

Kearfott

Alpha-2

Titan

Users Opinion of Why

Part Was Successful

Intensive screening

program initiated

to verify perform-

ance.

High volume produc-

tion runs. Practices

and procedures well

established.

Good conservative

design, specs ex-

ceed system require-

ments.

Is not operational

yet, but is surviving

very severe test pro-

gram.

USAF initiated an

intensive reliabi-

lity program to

assure success.

Extensive development

and test program.

Screening and run-ln

procedure during motor

buildup and preload

phase.

Six-year development

program.

Design specs con-

s ervative, good

in-process control.

iOO_ receiving in-

spection at customer

facility.

Manufacturerls Opinlon

of Why Successful

Design specifications

far exceeded the re-

quirements.

Long developmental

and testing program,

manufacture tech-

niques.

Simultaneous test and

development program,

materials control,

Much experience with

gyro design, manufac-

turing techniques, lot

control of piece parts.

Numerous design changes

during development and

teat phase extensive

testing.

500 starts/stops under

test during build phase.

phase.

Good basic design and

much in process con-

trol.

Stringent process

controls, good

design.

Recommended Guidelines for

Improvements_ Procurement

Specs, Requirements

Raise momentum of gyro to

get better performance

Recommended correct inter-

pretation of component

specs when comparing with

system requirements. In-

stall heat pipe cover.

Spec out parameters re-

quired by a specific

application. Shopping

llst purchase of inertial

components - dangerous.

Caution against exceeding

design specs in any given

application.

None

Use trained personnel

in handling and test.

Reco_ended running accept-

ance test and monitor for

many hours to detect trend.

30,000 hours.

None

None - no flight failures

in 800 units. Recormmend

project engineer for each

JproJect.

Relative Impact on

Yield, Cost of

Incorporating

Recommendations

Yield increase by

factor of 2.

$500/gyro.

Replacement and repair

cost are reduced.

Cost of testing not

prohibitive.

None

c. Design Alternates - The grease bearing possesses a potential

for long-life. Recent activity (Reference i) indicates that bear-

ings fitted with spiral grooves and lubricated with grease will

develop a full fluid film, provide high load capacity, excellent

tolerance to overload and start-stop rubbing and have the poten-

tial for a long operating life, provided: (I) the bearing de-

sign is such that the net lubricant flowout of the clearance space

is zero, and (2) the lubricant physical and chemical properties

remain relatively constant over the operating life.

The two requirements above apply to both bearings in small gyros

or large momentum wheels and control movement gyros.
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Grease has been studied and found to have acceptable power losses
and mechanical characteristics at speeds as high as 24,000 rpm's.

Comparedto a gas lubricated bearing, a grease lubricated bearing
has the following general advantages and disadvantages:

Advantages:

I) Higher load capacity to power loss ratio;

2) Better high speed rub and stop-start characteristics;

3) Greater tolerance to dirt; componenthandling and clean room
assembly conditions less critical;

4) Greater safety margin for overload;

5) Lower rotor windage losses due to ability of bearing to operate
in low ambient pressure;

6) Cheaper to makebecause of less stringent manufacturing tol-
erances accrued from greater operating film thickness;

7) Less stringent surface finish and material dimensional sta-
bility; bearing surface porosity or accidental scratches pro-
duce less of a change in performance characteristics.

Disadvantages:

I) Possibility of loss of lubricant or vaporization of fluid in
lubricant;

2) Possibility of cavitation and gas entrainment;

3) Possibility of alteration in lubricant properties due to
chemical and temperature changes;

4) Changein rotor angular momentumdue to lubricant mass shift.

Comparedto ball bearings, a grease lubricated bearing has the
following general advantages and disadvantages:

Advantages:

i) Longer life at higher rotor speeds;

2) Less noise and vibration.
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Disadvantages:

i) Not "off-the-shelf" item (currently) and must be designed
rather than selected from a manufacturer's catalog;

2) Less overload safety margin.

d. Hardware Life - Gyroscope life has been discussed in the failure

mechanism analysis section. Backup life data is presented in the

previous experience section H. Depending upon application, the

gyroscope life is estimated to range from 3000 to i0,000 hours.

Life is limited by the bearing life.

e. Application Guideline8 - These guidelines are discussed through-

out this chapter. In summary, be certain that the gyroscope speci-

fications meet or exceed the application requirements for all

applications. The most critical parameters pertaining to reliabil-

ity are vibration, temperature, shock and acceleration.
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D. TEST METHODOLOGY AND REQUIREMENTS

l,

.

With the diverse application and large number of different types

of gyroscopes, specific test methods applicable across the range

of parameters is not appropriate . The gyroscope drift trends over

a period of time is a very sensitive indicator of degradation in

stability over long time. Drift tests are generally well estab-

lished and documented in the literature.

Performance bands placed on the results of tests determine if a

particular gyroscope failed to have proper performance over its

lifetime. It indeed determines life limits for a particular gyro-

scope design. For example, gyroscope applications with wide per-

formance bands will operate over a longer period of time than those

with more stringent performance requirements.

The following paragraphs present examples of some of the test tech-

niques that can be applied to enhance long-life.

Optical Test Process

In the preassembled condition, optical inspection tools include

microscopic inspection, polarized light, interference mlcrosope to

detect topographic operations. Other tools are readily available

for measuring geometry and surface finishes. Most of the optical

inspection processes are standard operating procedures at the

bearing supplier or the gyro manufacturer's location.

Low Speed Dynamometer

A very sensitive technique employed at the motor assembly state

of manufacturing is the low speed dynamometer. This is used for

testing the assembled bearing. This test consists of a spindle,

a dead weight axial loading system and a bearing whose inner face

is mounted so that the strain can be measured between the inner

race and the support structure. Note: On almost all gyroscope

wheel bearings, the outer race is attached to the wheel and the

inner race is to a shaft fixed to the gimbal. The low speed dy-

namometer gives an indication of the assembled bearing surface and

the lubrication characteristics between, as on ball and race, as

an output from the strain race measurement.
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in the low speed dynamometer, the direction of rotation, load,

speed, and zero setting are variable. The strain measurement is

a torque reading in which the torque level, the material surface,

the lubricant conditions, the contamination and the geometry is

indicated.

Milliwattmeter

On the completed gyro assembly, and on completed gyro package units

where provision is provided, the milliwattmeter test can be em-

ployed. This is simply a sensitive zero suppressed power input

measurement. Changes in the power trace reflect changes in the

bearing torque that in turn are indication of variations of the

gyro axial positions.

Deceleration Tests

This common test consists of determining the time from power re-

moval to zero wheel speed. The time versus speed history at the

high speed segment yields bearing friction and windage data.

The low speed segment is not influenced by windage. To enable

this test to be conducted at the systems level, gyros should

incorporate spin motor rotation detectors (SMRD) and a means of

electrically decoupling the gyros since the generation of back

e.m.f, materially effects the run-down time.

Gyroscope performance stability is the most sensitive method of

determining the performance. As stated before, the slight devia-

tion of the EHD film results in a detectable change in the charac-

teristics in a one g force field--earth gravitational field. For

example, a fraction of a microinch out of a total film thickness of

5 microinches (typical) can show a deviation in the drift stability

of one meru for 0.015 degree per hour. Gyro performance tests for

single degree of freedom gyroscopes include:

I) Tumble test - a rotation of the gyroscope about the output

axis until the input axis is in a place normal to the earth

rotational axis. This provides a force of gravity in the

float, and by recording the feedbackcurrent and indication

of the mass unbalance caused by the breakdown of the EHD film

can be detected.

2) Fixed position tests - fixed position tests instead of con-

tinuous tumbling can provide some of the data on the float

balance/bearing conditions.
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E, PROCESS CONTROL REQUIREMENTS

Process control reduces itself to the most important feature of

the gyroscope. Contamination is a critical factor because a

fractional microinch EHD film must be maintained. Chemical,

particulate and other contamination must be avoided.

There are several testing techniques on the various levels of

assembly. Figure 4 shows the various tests that may be employed

during the assembly operation. Of the six different tests, four

can be performed as a final test along with the final test.

Test Process Techniques

Optical

Low-Speed Dynamometer

Milliwattmeter

Deceleration Test

Frequency Analysis

Gyro Test

Single

Bearing

Bearing

--_ Pair

Test Wheel Gyro

Figure 4 Test Processes
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The following are "title" descriptions of specification features
relating to long-life in the Mariner Gyro Specifications:

i) Materials, Parts, and Processes - calls for screening and
traceability.

2) Spin Motor Jag Requirements - calls for noise limits at hunt
frequency.

3) Spin Motor Characteristics - calls for maximum run-up time,

minimum run-down time. Bearing preload, and maximum run-up

without heaters.

4) Tolerances are Pyramided - more stringent at vendor final

test than at customer's location.

5)

6)

7)

8)

9)

10)

ll)

Internal Contamination - calls out clean room particle count.

Vacuum Temperature Cycling.

Lot Control on Drawing Changes, Design, Material, and Pro-

cesses.

Traveler - calls out designation of individuals assigned to

each operation. This includes designation of certain assembly

operations to be done by same individual.

Lot Sampling Requirements - calls out quanity and inspections

to be performed at specified stages of assembly.

Selection/Process for Spin Motor.

Run-in Tests over Specified Period of Time.
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P. PARTS LIST

Table 4 presents a list of gyroscopes used in aerospace applica-

tions. Also delineated are the design and operational character-

istics. A gyroscope satisfactory in one application may not be

satisfactory for another application. Hence, it is difficult to

state that some are acceptable and others not acceptable.
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Table 4 Gyroscope Part List

Gyro Gyro

Manufacturer Model No.

Nortronics GI-MI SDF

Nortronics GI-K7 SDF

Nortronics GRH4 SDF

Rate

Kearfott 2542

2543

SDF

Rotor

Bearing

Type

Gas

Ball

Ball

Floaation

electron

static

Flotation

pivot and

jewel

Angular

Momentum Gimbal Gyro Pickoff

(CGS) Freedom Gain (Type)

2.4 x 105 ±3 deg 15 Capaci-

max tive

0.9 x 105 ±3 deg 1.0

Torque

eerm

magne[

Micro- Perm

syn magnet

Flotation, 0.3 x 105 ±2 deg 1.0

pivot and

jewel

U-bridge Perra

air core magne_

Kearfott 2564 SDF Ball Flotation, 2.27 x 105 ±3 deg 0.3

pivot and to

jewel 250

U-bridge Perm

air core magnet

Kearfott 2590

Kearfott 2566

SDF

SDF

Gas

Ball

Flotation, 3.5 x 105 ±2 deg 8.8 Micro-

pivot and syn

jewel

Flotation, 2.27 x 105 !2 deg 1.0 Micro-

pivot and syn

jewel

Perm

magnet

Perm

magne_

Kearfott 2536 SDF

Kearfott 2519 SDF/RD

Kearfott 2514

Kearfott 2565

SDF/RF

SDF/RI

Ball

Kearfott 2021 SDF

Rate





Motor

r Freq Power
Volts (cps) (w)

26 3@

1600

26 3@

400

26 3#

: 800

26 3#
400

26 3@

26 3#

Range

6.5 Start 0-I000 deg/hr (0.278 deg/sec)

3 Run 0-6300 deg/hr available

(1.75 deg/hr)

3.26 Start 17 deg/sec cont

3.0 Run 60,000 deg/hr

20 deg/sec coDt 30 int

i0 deg/sec cont 20 int

4.5 Start 20 deg/sec cont

3.5 Run

15 Start 0-Ii,000 deg/hr

8 Run

3.7 Start 25 deg/sec cont

2 Run

Usage Remarks

Company Very early development,

development ceramic considerations,

Vela, Lorv,

Flip,

Arpat, 0SO,

SAS-D

Saturn,

ERTS,

Nimbus

Company

development

Rags, Tars,

Mariner C,

torquing rate is too low

for strap-down usage.

Three units modified for

30 deg/sec continuous

torquing arc being fabri-

cated for TRW Systems.

2543 torquing rate is too

low for strap-down usage.
2542 is "similar" in

price to Nortronics

GI-K7, but has poorer

drift stability and no

production history.

This unit is similar in

price and performance to

Agena, ERTS, the Honeywell GG334A, but

Lunar Or- it was designed for plat-

biter, form usage and does not

Nimbus, have the high torquing

OAO rate capability of the

334A.

Torquing rate is too low

for strap-down usage.

Proposed

for IM

abort

guidance

system

Titan

Skylab

(ATM)

Surveyer

Viking

Orbiter

Mariner

High torque modification

of 2565 Alpha Series Gyro.

However, this is a con-

ceptual design and no

hardware development is

planned.

LEM
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Table 4 (cont )

Gyro Gyro

Manufacturer Model No. Type

MIT 251RJG SDF

(Design) Mod II

Rotor

Bearing

Type

Ball

Angular

Momentum Gimbal Gyro Pickoff Torq_

(CGS) Freedom Gain (Type_ (Typ,

Flotation, 1.3 x 105 ±I deg 1.0 Micro- Micr,

magnetic syn syn

Sperry SYG SDF

i000

Ball Flotation, I x 105 ±4 deg 0.5 Moving Perm

pivot and to coil magn,

jewel 14





Motor

_er Freq Power
Volts

- 28 2_ 8 Start 25 deg/sec max
800 4.5 Run

26 3# 4.2 Start 0-28,000 deg/hr cont

400 3.0 Run 67,000 deg/hr (8 scc max)

Usage Remarks

Polaris A modified version with

system, OSO, a permanent magnet

Apollo, torquer is used in the

Apollo LM MIT prototype system,

constant temperature

control (even during

transportation) is re-

quired. (Designated

25 PIRIG)

Lunar Torquing rate is too low

Orbiter for strap-down usage.

Modified version with

air bearing and high

torquer rate (.--i00 deg/

sec) desgnated SYG 1440.
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Table 4 (concl)

Gyro Gyro

Manufacturer Model No. Type

Honeywell GG49 SDF/RI

Honeywell GG53 SDF/FRE

Honeywell GG87 SDF
GG76

Honeywell GG79 SDF/

Rate

Honeywell GG327 SDF

Honeywell GG334A SDF

Rotor

Bearing

Ball

Gas

Gas

Flotation,

pivot and

jewel

Flotation

pivot and

jewel

Flotation,

pivot and

Jewel

Angular

Momentum Gimbal Gyro

_CGS) Freedom Gain

x 104 4 deg 0.3

Pickoff

(Type)

Dualsyn

moving
iron

Per_

mag

2.0 x 105 Up to 0.4 Micro- Per

±4 deg syn ma[

x 105 ±3 deg 0.5 Micro-

syn

Pei

mat

Honeywell GG49

Honeywell JRT45/ SDF/

Kate Rate

Honeywell MS133 SDF/

Rate

Honeywell MSIO0 SDF/

Rate

Honeywell MSI30 SDF/

Rate

MIT SDF/RI

2FBG-2C

NASA/Bendix AB-5 SDF Ball Hydrostatic 2.6 x 106 ±3 deg

bas gearing

Very Moving

large coil

Hamilton I139B

Standard I139E

SDF Ball Flotation,

pivot and

jewel

x 10 5 ±i deg 0.25 Moving

coil

Hamilton I139S

Standard

SDF/RI
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Motor

1

!

Freq

Volts (cps)

26 3©

400

50 3@

Start 800

26

Run

"I 26 2@

_it 800

Power

(w) Rang 

0-60 deg/sec

0-30,000 deg/hr

4.5 0-180,000 deg/hr

50 deg/sec

0-I000 deg/hr (0.278 deg/sec)

7.0 Start 114 deg/sec cont
3.5 Run

usage

OGO

Mercury

Scout,

PRIME,

Agena B

Mercury

Honeywell

strap-
down

system

Agena

Burner 2,

Centaur,

Ranger

Biosatellite

Explorer-31

Gemini

Remarks

Superceded by GG334.

Superseded by GG334.

This unit was specifically

designed for strap-down

usage.

Mercury

OGO

26 3¢

400

26 3¢p

i00

8 0-360 deg/hr

6.0 Start 28 deg/sec cont

3.0 Run

Titan IG,
OAO

Saturn IC

system

AGS, LM

abort sys-

tem, Delta

Viking

From "A General Descrip-
tion of the ST 124-M

Inertial Platform System

NASA TN D2983," Sept. 1965,

H. E. Thomason.

The high cost of the unit

and its low torquing rate

in comparison to the 334A

make it a less attractive

unit.
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Go GENERAL DESCRIPTION

Gyroscopes have been used on a variety of space vehicles to provide

either information on the attitude or angular velocity of the ve-

hicle or as an inertial platform with respect to a reference co-

ordinate system. Tables 5a and 5b set forth gyroscope applications

and characteristics. Table 6 presents typical dynamic ranges of

gyroscopes.

The gyroscopes are key elements. The performance of the associated

space vehicle system is strongly dependent upon the performance of

the gyroscopes. It is therefore essential that the gyroscope pack-

age be designed consistent with the mission requirements in order

to provide the required information accuracy and reliability.

Major factors which influence the design of gyroscopes for space
vehicle systems include:

i) Configuration (strap-down or stable platform mounted);

2) Performance (accuracy, drift rate, resolution, dynamics, etc.);

3) Reliability (MTBF, redundancy, etc.);

4) Lifetime (shelf life, operating life, testing duration, duty
cycle, etc.);

5) Environment (acceleration, vibration, thermal, magnetic,

radiation);

6) Cost (money, weight, volume, power, time), and;

7) History (experience of gyro and manufacturer, production status,
etc.).

Gyroscope technology and the application of gyroscopes to space

vehicle systems have advanced rapidly in the past 15 years. The

number of gyroscopes required for most space vehicle applications

is usually small; consequently, most of the gyroscopes used in

space vehicles have been adapted from gyroscopes developed for

other applications, such as military.
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Table 5a Gyroscope Applications

Mission Gyro Application

Agena B SDF-RI

Agena

Atlas

Burner 2

Centaur

Delta

Saturn IB

Saturn 5

Scout

Titan IliA

Titan IIIC

Titan IIIC

Titan

Tran-

stage

Honeywell C_76

2 Honeywell GG76

i Honeywell GG87

Kearfott 2564

Honeywell GG-334

1 Kearfott 2506

Honeywell GG-49

Honeywell GG-49
D26

Hamilton Std.

RI-II39E

Bendix AB-5-K4

Nortronics GRH4T

Nortronics GRH4T

Bendix AB-5-K8

SDF-RI

SKF-RI

SDF-RI

SDF-RI

SDF-RI

SDF-rate

SDF-RI

SDF-RI

SDF-RI

SDF-DRI

SDF-rate

SDF-rate

SDF-DRI

Honeywell GG87 SDF-RI

SDF-rate

MIT 2FBG-2C SDF-RI

MIT 2 FBG-2C SDF-RI

MIT 2 FBG-2C SDF-RI

DELCO 651G SDF-RI

Kearfott 2586 SDF-RI

Kearfott 2586 SDF-RI

Guidance,

Flight control

Guidance,

Flight control

Guidance,

Flight control

Navigation,

Guidance,

Flight control

Flight control,
Stabilization

Guidance,

Attitude reference

Guidance,

Stabilization

Stabilization,

Guidance,

Navigation

Autopilot

Autopilot

Guidance,

Navigation

Guidance,

Navigation

Guidance,

Navigation
Stabilization

Stabilization

Strapdown (3)

Strapdown (3)

Strapdown (3)

Strapdown (3)

Strapdown

Strapdown

Platform (3)

Strapdown (3)

Platform (3)

Strapdown (9)

Strapdown (9)

Platform (3)

Strapdown (3)

Strapdown (3)

Platform (3)

Platform (3)

Platform (3)

Strapdown (3)

Strapdown (3)

* Primary current use is aircraft navigation. It is programed for use in the

Titan IIIC Standard Space Guidance IMU. This gyro has experienced more than

3.4 x 106 hours in the over i000 Carousel IV systems built since 1968.
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Table 5a (cont)

Mission

OSO

Ranger (i

and 2)

(Subse-

quent)

SAS D

Skylab

workshop

Surveyor

Viking

Lander

Viking
Orbiter

Apollo

CSM

(SCS)

Apollo IM

AGS

LEM

ATM

Bio.

satellite

ERTS

Gyro Application

Bendix 251RIG SDF-RI

Northrop GI-K7G SDF-RI

Honeywell GG SDF-RI
49-E5

Honeywell GG SDF-RI
49-E12

Northrop GI-K7G

Kearfott 2519

SDF-RI

SDF-RI

Kearfott 2514 SDF-RI

Hamilton Std. SDF-RI

RI-I139S

Kearfott 2565 SDF-RI

MIT 25 IRIG SDF-RI

Hamilton Std. SDF-RI

RI-II30

AC 25 IRIG SDF-RI

Hamilton Std. SDF-RI

RI-II89B

Kearfott 2021-B01 SDF-rate

Kearfott 2519 SDF-RI

Honeywell JRT45

Kearfott 2564

Nortronics GRH4

SDF-rate

SDF-RI

SDF-rate

Stabilizing

Pointing

Stabilization

Stabilization,

Attitude reference,

Pointing

Pointing

Pointing
Stabilization

Attitude reference,

Stabilization

Inertial reference

Attitude reference,

Stabilization,

Pointing

Navigation,
Stabilization

Backup

Stabilization

Navigation,
Stabilization

Backup attitude

reference,

Stabilization

Stabilization

Pointing,
Stabilization

Attitude reference,
Stabilization

Stabilization,

Attitude reference,

Initial

stabilization

Strapdown (i)

Strapdown (3)

Strapdown (3)

Strapdown (3)

Strapdown (6)

Strapdown (9)

Strapdown (3)

Strapdown (4)

Strapdown (6)

Platform (3)

Strapdown (3)

Platform (3)

Strapdown (3)

Strapdown (3)

Strapdown (4)

Strapdown

Strapdown (I)

Strapdown (i)
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Table 5a (cont)

Explorer
31

Gemini

Lunar

Orbit

Mar iner

Mercury

Nimbus

OAO

OGO

Honeywell JRT45

Honeywell MS-133

Honeywell GG-8001

Sperry SYG-1000

Kearfott 2564

Kearfott 2565

Honeywell GG-79A

Honeywell GG-53

Honeywell MS-100

Kearfott 2564

Nortronics GRII

Kearfott 2564

MIT 2 FBG

Honeywell MS

130BI

Honeywell GG-49

SDF-rate

SDF-rate

SDF-RI

SDF-RI

SDF-RI

SDF-RI

SDF-rate

2DF-free

SDF-rate

SDF-RI

SDF-rate

SDF-rate

SDF-RI

!SDF-rate

ISDF-RI

Stabilization

Stabilization

Navigation

Attitude reference,

Stabilization

Pointing (Backup)

Stabilization,

Attitude reference,

Pointing

Stabilization,

Attitude reference

Attitude, Rate

display

Stabilization,

Attitude reference,

Initial

stabilization

Stabilization

Stabilization

Stabilization

Pointing

Strapdown

Strapdown (6)

Platform (3)

Strapdown (3)

Strapdown (3)

Strapdown (3)

Strapdown (3)

Strapdown (2)

Strapdown (3)

Strapdown (i)

Strapdown (i)

Strapdown (3)

Strapdown (3)

Strapdown (i)

Strapdown (2)

IV-38
i



Table 5b Gyroscope Characteristics

Application Gyro Types Frequency Range Torquing Rate Drift Rate

..... 0.05 deg orGuidance and

navigation

Stabilization and

control

Tracking and

pointing

2DF

SDF-RI

SDF-rate

SDF-RI

2DF

2DF-free

SDF-rate

2DF-free

Platform,
0.001 to i Hz

Strapdown,

0.001 to i0 Hz

0.i to i0 Hz

Up to i00 Hz

Platform,

50 deg/hr or
less

Strapdown,

up to maximum

vehicle rate

Up to maximum

vehicle rate

Up to 4000

deg/sec

better

0.i to 50 deg/

hr

0.i to i0 deg/

min

Legend:

2DF Two Degree of Freedom

SDF Single Degree of Freedom

RI Rate Integrating.

Table 6 Typical Dynamic Range of Gyros

Open-loop, spring-restrained gyro

Ball-bearing suspension, open-loop gyro

Dry, servoed gyro; ball-bearing gimbal mounts with

feedback through torquer

Floated gyro; non-temperature-controlled

Fully-floated, temperature-controlled gyro

8000:1

20 000:I

40 000:I

i00 000:i

600 000:i
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Gyroscopes generally are: (I) a free (displacement) gyro measure
rotation of the gyro case with respect to space by sensing the out-

put angle(s) between the gyroscope element and the case, and (2)

a "captured" gyroscope is operated so that the output angle between

the gyro element and the gyro case is kept near null. The capture

is accomplished either by torquing the gyro element so that it ro-

tates with respect to space or by using a servo followup which

causes the structure that supports the gyro case to rotate with re-

spect to space. The information from a displacement gyroscope

comes from an angle measurement, while the information from a cap-

tured gyroscope is the result of a torque measurement.

Two other gyroscopes now being applied are the free-rotor gyro-

scopes and the tuned rotor gyroscopes.

A free-rotor gyroscope is a 2DF gyroscope without gimbals. Other

means such as flotation, gas bearings, electrostatic suspension or

magnetic suspension are used to support the rotor. The gyro rotor

is nearly spherical and is not mechanically restrained to rotate

about a particular axis. All free-rotor gyroscopes must have some

means of either preventing or damping nutatlon. Many gyroscopes of

this type are kept running to minimize the number of starts and

stops. Elements of SDF and 2DF gyroscopes are shown in Figures 5

and 6, respectively.

Another 2DF gyroscope uses a rotation flexure suspension on one end

of the drive shaft to support the rotor. This all mechanical, non-

floated design is extremely simple. The decoupllng of the rotor

from its drive shaft and support bearing gives the gyroscope very

stable g-sensitive drift and inertial quality of relatively low

cost. Gyro perf6rmance failures due to spin axis mass unbalance

shifts do not occur with microscopic shifts of the inner bearing

race along the spin axis. However, the instrument is very sensi-

tive to inputs at the tuned frequency or its harmonics.

The operating conditions may have an important influence on the

gyroscope reliability and life. The following observations are

typical:

I) Excessive acceleration, shock or vibration will reduce gyro llfe.

2) High temperatures or hlgh-temperature gradients across the gyro

can be deleterious to performance and mechanical integrity.

3) Human blunders occasionally cause gyro damage; e.g., spinning a

gas bearing gyro backwards can ruin the bearing. A phase-order

detection circuit improves reliability by protecting against

such a possibility.
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Case

(a)_p

/Pickoff __i _ Spln Axls

T _-Damper

Torquer

Output Axis (OA)

Gyro Element Gimbal

Plastic Restraint

(SA)

Input Axis

(IA)

Fig 5 Essential Elements of SDF Gyro

Gyro Element

Torquer
Gyro Element

Outer Gimbal (Inner Gimbal)
Torquer

)
Case

Outer Gimbal

Rotor Gyro Element

Pickoff

Outer Gimbal

Pickoff

Fig 6 Essential Element8 of a 2DF Gimballed Gyro
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H. PREVIOUS EXPERIENCE

. A_olIo Experience

The experience with gyroscopes used on the Apollo guidance and

navigation platform indicated that two types of production gyro-

scopes were used; one designated for Apollo I and the other for

Apollo II, but used wheels of identical design. Analysis of data

from each type showed considerable differences in both performance

and life. The drift repeatability of Apollo II was better than that

of Apollo I by a factor of two to one; however, the failure rate

for the wheels of Apollo II was three times as high as was the

wheel of Apollo I. Improved drift stability alone does not imply

greater life.

"Therefore, the issue of attaching greater weight to differential

watt meter reading, run-up and run-down time measurement, frequency

profiles, dynamometer records, mass unbalance stability, or re-

duced voltage start capability, remains unsettled."

a. Primary Guidance and Navigation System - The IMU for the primary

guidance and navigation system of the CM and LM consists of a

three-gimbal platform mounting three SDF rate-integrating gyroscopes

and three SDF accelerometers. The gyros establish a space reference

to keep the stable element non-rotating such that accelerations

are measured in a known inertial coordinate frame. Resolvers on

the platform gimbal axes measure the orientation of the spacecraft

relative to the stable element. Both the gyros and accelerometers

are temperature controlled to +0.3°C utilizing a single temperature

controller. One of the principal design problems was to achieve re-

liable temperature control of all inertial components under wide

variations to the environment.

The platform gyros were chosen primarily to meet a 100,000-hour

MTBF goal. A 1967 evaluation of production gyros indicated the

MTBF goal had been met with 70 percent confidence (net 55). There

have been no inflight failures, to date. Table 7 summarizes the

Apollo gyroscope reliability experience through May 1971. Based

on inflight measurement of gyroscope random drift, 9 out of 12

gyros in Apollo 7, 8 and 9 achieved better than 0.015 degree/hour

performance.

The gyroscopes are calibrated during prelaunch activity and may

also be recalibrated by the astronauts in flight against star sight-

ing. During the Apollo 6 mission, a divergence was observed between
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the attitude information supplied by the primary system and the
backup strapdown system. This was first attributed to the primary
system, but real-time review of prelaunch data on the backup sys-
tem indicated that the measureddrift would account for the di-
vergence.

Table 7 Apollo Gyroscope Reliability Experience May 1971

(Block II-071 Configuration Gyros)

Number of Gyros

Bearing Failure

Total Gyro Operating Hours

249

ii

370,800

45 Gyros Flown on Apollo Missions

Preflight Wheel Hours

Flight Wheel Hours

68,000

4,400

o

.

.

Nimbus 3 Experience

Excessive drift of the Sperry gyroscope (gas bearing gyro) occurred

during the Nimbus mission. The experimental test failures were

due to shaft contamination, high gimbal torque due to relaxed lig-

aments, and motor failure due to scored thrust pads.

The gas bearing clearance of three to seven microinches becomes

contaminated with outgassing polymers which tend to bind it suf-

ficiently to prevent the motor from starting after being stopped

for a period. The gimbal suspending ligaments tend to relax with

time producing increased, and variable torque which determines the

drift rate. The gyro drift error was excessively high; 20 degrees

per hour, at the beginning of the mission.

Nimbus and Mariner

Two instances of Nimbus gyroscope bearing (ball bearing) friction

(one complete gyro loss) and one instance of non-repeatable torques

on Mariner. Kearfott Alpha type gyro was involved.

Biosatellite

In the Nortronics gyroscope (ball bearing) there was one instance of

broken flex leads, two instances of null shift due to inadequate

temperature compensation_ three instances of contaminatgd flotation

fluid, and one instance of fluid leakage.
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Lunar Orbiter

In the Sperry ball bearing gyroscope during developemntal tests

there were two instances of fluid contamination due to a bubble

and to soldering flux causing gimbal hangup, two instances of

broken pivots, and 12 instances of mass unbalance cured by coil

form redesign.

Applications not Known

Gyroscope noise level gradually increased from launch until at 18

months (13,140 hours) it had increased by a factor of two. The

cause is normal wear.

Titan Life Test

Six gyroscopes are being tested for llfe data. The purpose of the

tests are to obtain llfe data concurrently with using; that is,

items already on the shelf.

These gyros are single degree of freedom floated gyroscopes of the

Kearfott Singer 2536 type.

S/N Wheel Hours Storage Time Hours

0000018 615.6 102

0000043 6634.4 I00

0000052 204.5 99

0000053 6230 i01

0000054 207.3 i01

0000061 175.2 i01

Serial No. 0000043 failed to meet specification for transfer func-

tion and wheel run-down time after 5029.5 hours. The transfer

function subsequently shifted back in specification.

Serial No. 0000052 signal general null was outside specification

limits. This has little significance because the value was on the

edge of the tolerance band anyway and the total shift was not ex-

cessive.

Serial No. 0000054 was out of rate resolution (4.68 instead of 1.0

degree per hour) on Octover 7, 1971; however, on April I0, 1972

the rate resolution was within specification.
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IDEP-ALERT

a. No. MSFC 69-05 Summary - Failure to start (lubrication break-

down). Of nine rate gyros taken from an eleven-month storage

period, one wheel failed to start. Investigation revealed spin

bearing lubrication distruction from heat and contamination. The

cause was found to be improper heat sinking at the time the gimbal

was originally sealed (welded). This idep alert is reproduced in

Section I of this chapter.

Experience with Sterilization

Some investigation into some of the design aspects of gyroscopes

is a result of sterilization studies on gyroscopes. Problems, such

as corrosive properties of damping fluids, epoxy strength, absorp-

tion rates of materials, creep, and magnetic stability were em-

phasized.

In the aforementioned, the gyroscope motor, after i0 to i00 hours,

failed to restart because of moisture in the gas bearing. Moisture

in the gimbal parts evaporated into the gimbal atmosphere and was

pumped into the gas bearing where it condensed. The failure mech-

anism allowed the rotor to "wring" the shaft. When the motor slowed

down, the gas clearance approached zero. Motor was restarted when

sufficient time was allowed for the water to evaporate again into

the gimbal atmosphere. The corrective action consisted of drying

the gas with a molecular sieve-type drying agent, along with the

piece part drying prior to assembly.

Moisture lock-up was also prevented by using a bearing pattern that

provides a flow through condition that carries the moisture away

faster than it can condense. This is also done with an asymmetrical

(different length) joined pattern.

The presence of organic vapor and particle contamination causes

lockup. Sources of contamination can be detected by infrared anal-

ysis, ultraviolet-fluorescence analysis, mass spectrometry analysis,

gas chromatograph analysis and thermal analysis test.

Contaminates are associated with bonding and encapsulating mate-

rials. The manufacturing process of vacuum bake can prevent the

contamination.
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Martin Marietta Experience with Singer Kearfott Type 2536

(Martin PD96S008)

In the Titan program, a Singer Kearfott 2536 rate integrating gyro-

scope is purchased as a component for installation in an electronic

black box. The general performance of this gyroscope is at the

lower end (less accurate) of the navigation class gyroscope. Fail-

ure reports covering some 600 of this type gyroscope has been re-

viewed. The general classification of the failures are:

3)

i) Cable 15 events (cable design fix was instituted)

2) Administration - 44 events (miss test, known abuse, speci-

fication unclear, calendar life exceeded;

calendar llfe revised during time).

Minor Specification - 49 events (slight out-of-tolerance and

minor workmanship)

4) Excessive Drift - 9 events. _

5) Solder Ball in Float Area-i event

The following three events are life related:

i) Contaminated Jewel Bearing - 2 events (a new cleaning

process was adopted)

2) Run-Down Time of Wheel was Excessive - i event.

3) Spin Motor was Erratic - i event; 51 months

elapsed from date of

manufacture.

Control Moment Gyro for Skylab

The control moment gyro (CMG) is used in the attitude pointing

control system of the Skylab space station. It is primarily an

actuator that produces control torques by use of the momentum

generated in a large rotating mass. This spinning rotor is

supported in a two-gimbal system. Early in the Skylab program, a

design goal of I0,000 hours for the operating life of the CMG rotor

spin bearings was established.
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The CMGrotor spin bearings were designed to operate for i0,000
hours. The rotor weighs 63.5 kg (140 ib), runs at 821 rad/s (7850
rpm), and develops an angular momentumof 2713 kg m2 s (2000 ft-
ib-s). It was designed to survive the vehicle launch environment
and possibly wide temperature extremes.

Each end of the rotor shaft is supported on a set of ball bearings.
These bearings are lubricated with Kendall KG-80oil supplied from
the lubricating nut system, which is active only when the wheel
is rotating. The complete bearing assembly is mounted in the bear-
ing cartridge, which is a meansof interfacing the bearing with the
gimbal. The cartridge houses electrical sensors and heaters.

The lubricating system nut contains i0 g of KG-80oil. The centri-
fugal force from the wheel rotation generates a pressure upon this
volume of oil that forces the oil through a metered port onto the
lip of the nut. Centrifugal force carries the oil from the nut
lip to the step in the bearing retainer. From this step in the re-
tainer, three holes carry the oil to the line contact of balls and
races.

The interface of the lubricating nut to the ball-bearing assembly is
madeby screwing the nut onto the end of the wheel shift. The nut
is locked in place with a retaining ring.

The metering element in the nut is a millipore restrictor 4.5 X
10-7m (0.45 m) pore size. The restrictors are selected and in-
stalled to give a flow of 0.085 ± 0.035 mg/hr at 32°C. A design
criterion was that no more than one-half of the total makeuplu-
bricant would be expendedat the end of I0,000 hr. This has been
met on tests thus far.

Six bearing assemblies have been committed to a life test program--
somewith elevated temperature, subjected to vibration and normal
laboratory environments. All gyros exceeded a life of I0,000
hours. Specifically, a unit at test at MSFChas operated over
29,000 hours without a revision in the oil supply. Another unit
operated at elevated temperature (71°C) has operated over 27,000
hours with some"noise" in the bearing.

This program had two lots of bearings, one satisfactory, another
was bad. It failed after several hundred hours because of "wet-
ability". Test for "wetability" for {his type of bearing appears

to be required.

Generally, for large CMGs, this type of bearing appears to be satis-

factory for the next 4 to 5 years. Careful process control on this

proven design is required.
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(PLEA_'E TYPE ALL ',_'FGRMATION-SEE JNSTRUCTIOH$ 0/q REVERSE)

NATION_,_L AERONAUTICS AND SPACE ADMIN!$T_ATION

!,
(Reporting Ports and Materials PrGb[ems)

h PART/MATERIAL TYPE

Rate Gyro

l
b, MANUFACTURER AND ADDRESS

Nortronics, Division of Northrop, I00 Morse Street,

Norwood, Massachusetts 02062

S. REFERENCt

UCR #KSC 403058 (ii-7-68)

Repo[t by J. R. Carter dated

_, MANU_A*_t_RERIS LO_ _R _A_E POD_ 9. MANUF ACTU_RIS SERIAl NO,

[ Rate Gyro S/N D642

June1969
IDAYl Mo.IvE' 

_. [NDUSTRY/GOV%', SPEC, NO.

50_5021

_. PART RATING OR SIZE

0 +_20 d,S_,,,/,Qc.
I0. CONTRACT AND/OR PURCHASE ORDER NO.

NAS8-13008

! 1. SPECIAL REQUIREMENTS OR ENVIRONMENT {Req_irc_a plied on or exireme eR_irontne_ ¢o w_ic_ _/rltaZeria_ wQ$ exposed.)

Temperature limits - -40°C to +74°C

12. LOCATION AN_ FUNCTION (Program, System, Subsystem a_ Compone_ th_ _illzed pa_erlal and its intended _ncti_.)

Saturn AS-503, C.._trol System, Control-EDS Rate Gyros

I $. PRO6LEM SITUATION AND CAUSE _t_e _cts O_ _ob_m _d c_se-_il_t m_e and mech_is_)

The problem occurred on the AS-503 spare package, which had been in storage for eleven

months. Three months prior to the launch date, the spare package was tested in the G&C

Laboratory at the launch site. Of the nine rate gyros in the package, one wheel failed

to start. Subsequent investigation showed the cause to be spin bearing lubricant
destruction from heat and contamination. The cause was found to be improper heat sinking

at the time the gimbal was originally sealed (welded). The operator had failed to follow

manufacturing procedures while attempting to repair a leaky gimbal assembly, thus causing

internal burning of epoxy and lubricant. THI._INFO_M_T_)_'d

TRIBUTED BY li3EP 1
FOR GUIDANCE ONLY __FOR GUIDANCE

_4. ACTIONS TkKEN

The manufacturer, Nortronics, performed uhe failure analysis and attempted to reconstruct

the events leading to the failure, Due to the time which had elapsed--two years--itwas
difficult to assess the severity of the problem, but it was concluded that the anomaly

could have occurred more than once. Nortronics cooperated fully to tighten adherence to

manufacturing procedures and they also performed adequate tests to show that if correct

procedures wereused _here were no dangerous temperature rises.

MSFC has devised a wheel run up/run down test to detect any defective gyros. This test

obviously shows wheel conditions only at the time of the test. The failure mode is time

dependent, _hus requiring the wheel tests to he perfor=.ed shortly (4 months) before the
intended launch. MSFC wheel test requirements _re: (Continued on page 2)

_S- RECOMMENDATIONS FOR FURTHER ACTION [S_e_t[on6 tO _¢uCnl tic,fence.)

Suggest that a test similar to I_ZFC'S be performed, no earlier _han 4 months
launch, on all units used in critical applications.

prior to

1_. NAME OF INFORMATION SOURCE (Or=anlzmion/[ndiuid_l)

MSFC/S&E-ASTR-CE, J. R. Carter
E. H. Fikes

18. NAME AND AFFIlIATiON OF ALERT COOROINAT_R ITELE_HONE NO.

Elizabeth G. Manning 205/453-3570

George C. Marshall Space Flight Center

' NASA FOR_ 863

i

FEB 6E PREVIOUS EDITIONS ARE OBSOI. ETE,

rT

P/
O

P

C_

,w)
I

L/I

N

co "0

o

O
%.n

%;1
O

i

I TELEPHONE NO, AND AREA (;ODE I 17. DATE MANUFACTURER p-_
NOTIFIED P'*

205/453-5753 , !'
205/453-0795 i 4 June 1969 o

oA,, I MO. l YEAR [
19. DATE SIGNED 20. SIGNA'I'URK OF ALERT COORDINATOR |

l_oAY I .... ........ "......
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14. ACTIONSTAKEN(Cont'd)

Maximum time for gyro wheel run-up shall be 15 seconds gfter power

application, up-to-speed indications shall be present and remain on until
power removal.

Measured tlm_ for the wheel spied to decay from I00 revolu=ionl per

second (RPS) to 50 revolutions per second (EPS) m_st he greater than 4.0
seconds.
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Vl COMPRESSORS AND PUMPS

AQ INTRODUCTION

The scope of this long-life study relates to pumps, compressors,

and fans used in spacecraft thermal control systems, life support

systems, environmental control systems, and ventilation systems.

The components are grouped together and discussed according to

their function. The pump failure modes, designs, and applica-

tions are discussed, followed by similar comments on compressors

and fans. Compressors are classified as fans in several space

programs (such as Skylab). Compressors, as considered in this

study, are a gas flow producing machine which operates on the

same basic principles as fans.

The long-life experience generated on these components has been

limited to the manned spacecraft programs. The approaches to

satisfying long-life requirements include: employing component

redundancy, in-flight replacement of malfunctioning units, and

developing long-life components.

Detailed comments concerning motors, bearings, and lubricants are

covered in Chapter II - Electric Motors and Chapter IV - Gyroscopes

and Bearing_ and to avoid duplication are not repeated in this

chapter.

To assist in understanding and accepting the prevalent life-limit-

ing problems associated with these components, a brief description

of the hardware and their functions are presented in Section F.
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B. GUIDELINES FOR LONG-LIFE ASSURANCE

.

The survey of manufacturers and users revealed that continuous

operation of compressors, fans, or pumps for 14,000 to 23,000

hours is within the present state-of-the-art. The life-limiting

failure modes for these components are listed below in the order

of problem magnitude:

i) Bearings and lubrication problems;

2) Seal leakage;

3) External housing leakage;

4) Structural failure of internal moving parts (fan blades,

impellers, etc).

Design Guidelines

i) The optimum thermal control system design for long-life is

a passive system. However, manned space missions require

active systems which include such components as compressors,

fans and pumps. Their applications are: molecular sieves,

ventilation systems, coolant recirculatory systems, life

support systems, waste management, and water systems.

2) All agencies surveyed considered bearings to be major life-

limiting problem for compressors, fans and pumps. The operat-

ing life of compressors, fans, and pumps can be extended by

accomplishing the following:

a) Fabricating bearing material free from inclusions;

b) Improving geometry (waveness) of the raceway;

c) Improving surface finish, and;

d) Maintaining lubricant thickness.

3) System designs which are adaptable to replacement of compo-

nents (plug-in or snap-in type) are desirable and should be

investigated for long life applications.

4) Require a vacuum melt or remelt process for metallic bearings.

Metallic bearings must be free of inclusions or stringers for

long-life applications.
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5) Minimize the air gap in magnetic couplings to improve efficiency

and promote long-life.

6) Use inert fluids for coolant system applications because of

handling ease, they are dielectrics and they are good lubri-

cants for system components.

7) Use wet motors (canned pump and motor) or magnetic couplings

to avoid shaft seals which are a source of leakage, contamina-

tion and unpredictable drag.

8) Solve housing leakage in fluid systems by:

a) Impregnation of castings with sealant substance;

b) Using vacuum melt material to eliminate stringers or

inclusions, and;

c) Weld external pump housing Joints.

Process Control Guidelines

i) The procurement specification pertaining to compressor, fan,

and pump bearings (high speed, long-life, and heavily loaded)

when used in failure critical applications, should contain a

proviso for 100% dye penetrant inspection of balls prior to

installation in bearings.

2) Use castings that are impregnated with a sealant or housing

material that have been through a vacuum melt process to reduce

inclusions or stringers.

Test Guidelines

i) Conduct i00 hour run-in tests prior to flight to eliminate

components with latent manufacturing defects.

2) Conduct life endurance tests under operational conditions.

For long-life applications, (data are not available for these

units), the life parameters must be established.

3) Perform special bearing inspections to control quantity and
contamination of lubricant. This action tends to narrow the

wide variation of the applied lubricant.
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Application Guidelines

i) The Gemini, Apollo and Skylab Program designs indicate that

journal bearings have been used exclusively for pumps and

that ball bearings have been used exclusively for fans and

compressors.

2) The present approach does not develop long-life components,

but selects components that have been proven on previous

programs. Examples from the Skylab program, approximately

eight months flight time, include:

a) Coolant pumps are not replaceable; therefore the pumps

are used in standby redundant configurations. Redundant

coolant loops are provided.

b) Redundancy and spare fans and compressors are employed.

Special Considerations

l) It is recommended that research into new state-of-the-art

advances for long-life assurance include:

a) The long term electrochemical effects of materials and

fluids;

b) The possible use of ceramic or air bearings instead of

carbon-graphite for bearings;

c) Methods to reduce wear particle generation;

d) Material compatibility selection characteristics, and;

e) Continuing effort for bearing development.

2) In spite of the adverse affects, current program decisions

(such as Skylab) have been to power down systems during stor-

age periods (approximately 30 to 60 days). Component starting

and stopping transients will result in temperature excursions,

distortions, stresses and cause part wearout.

3) A cost tradeoff study is needed to evaluate whether a concerted

effort needs to be performed to extend the life of compressors,

fans, and pumps or whether redundancy, maintenance, or restora-

tion can be used on these components for extended missions.
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i.

LIFE LIMITING PROBLEMS AND SOLUTIONS

Failure Mode Analysis (FMA)

The failure modes that have been experienced by pumps, compressors,

and fans are presented in the FMA (Table i). The failure modes

listed in the order of their most probable occurrence are:

I) Bearing Failure;

2) Seal Leakage;

3) Housing Leakage, and;

4) Structural Failure of Moving Parts.

All personnel interviewed generally agreed that the mechanical

component failures would greatly exceed the electronic (solid-

state) component failures.

A discussion of each of these failure modes is covered in the

following paragraphs. Suggested solutions for these failure

modes are discussed in the design section.

a. Bearings - The survey of manufacturers and users has revealed

that bearings can be considered as one of the major problem areas

that can prevent long-life thermal pump, compressor, or fan op-

eration. The primary function of bearings are to maintain shaft

or rotor alignment under radial and transverse loads.

The contributing factors that limit bearing life are:

i) Inadequate lubrication;

2) High speeds resulting in wear (boundary lubrication permitting

metal to metal contact), and;

3) Incompatibility of bearing material and coolant fluid.
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Problem - The limited knowledge on long-life bearings can be

traced directly to "There has been no requirement." To date,

maximum operational life requirements on aerospace hardware,

such as pumps, compressors, and fans, have been i000 to 2500

hours. The most severe continuous operation requirements stipu-

lated has been the 14 days in a 5-psi environmental system for

the Apollo space capsule. The eight-month requirement for the

Skylab program, includes five months of active operation.

In the hard vacuum of space it was generally conceded that conven-

tional lubricants are not satisfactory for long duration missions.

Lubrication depletion and deterioration was by far the most common

cause of any bearing failure. Component long-life bearings and

lubrication problems are described in Chapter II. Pump designers

have approached the problem by using the coolant fluids as the

bearing lubricant.

The space environments require specialized fluids that rule out

the more conventional antifriction metal bearings. These special-

ized fluids have either very poor lubrication qualities or are

extremely corrosive to the standard metal bearing. High-speed

operation of the pump impeller shafts accelerate bearing heating,

requiring either a large lubrication reservoir or other suitable
heat sinks.

b. Seals - Two types of seals are used in thermal control pumps;

static and dynamic. The dynamic seals are being eliminated by

the use of magnetic couplings and the use of dielectric coolant

fluids.

ProbZem - This survey revealed that long-life static seals could

be a great problem. The factors that limit the life of seals are:

i) Compatibility of seals and fluids;

2) Fluid expansion and contraction, and;

3) Contamination.

c. Housing - The housing can be made by machining, casting, or

forging. Although castings can be used for various shaped housing,

their material properties are not as good as those made from bar

stock or forgings.

Cracked housings occur at fillets, flanges, and webs and are caused

by inadequate design margins as a result of meeting minimum weight

requirements.

w
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Problem - The factors that contribute to housing failure are:

I) Casting or housing leakage;

2) Stress corrosion cracking of housing; and

3) Cracked housings.

d. Structural Failure of Moving Parts - The moving parts include

impellers and fan blades. Flutter of fan blade can cause repeated

flexure and fatigue.

Problem - The long-life factors that contribute to structural

failure are:

i) Fatigue, and;

2) Over-stress.

Design

a. Selection Criteria - Comparative design features (advantages

and disadvantages) from pumps, compressors and fans are discussed

in Table 2. The long-life assurance design factors for the basic

parts which make up these components are further discussed in

Table 3.

The main efforts of this study are directed toward increasing

the life of the individual parts that make up the pumps, compres-

sors, and fans. The design approaches for extending the life of

these parts and eliminating the previously discussed failure modes
are listed below. In addition, materials compatibility and fan

noise suppression are also discussed.

Bearings - Within the last few years, thermal pump operational

requirements have been continually increasing. New coolant fluids

have been developed to satisfy these new requirements. Several

new bearing materials have been developed to be compatible with

the fluids. For example, carbon-graphite (ESSO) bearings that

are lubricated by Freon-21 have been tested for 4400 hours and

showed minimal wear or deterioration. Care must be exercised to

prevent contamination of the bearing lubricant to prevent exces-
sive wear.

Rulon A and Vespel SP21 bearings have been successfully developed

to be used in fluids with high temperature (near the refrigerant

breakdown point).
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A recent Norton Companynews release which covered the Federal-
Mogul test program is encouraging and indicates that for the
first time ceramics have the potential of outperforming a high
performance steel bearing. However, the data was generated from
four or five ball tests; and, they are in the development stages
of their program with ceramics as anti-frlctlon bearings.

For high speed fans, conceivably an air bearing may be a valuable
bearing for applications above 30,000 rpm's. Detailed comments
for air bearings are covered in Chapter IV - Gyroscopes and
Bearings.

The Lubrication Handbook For Use In The Space Industry (Midwest

Research Institute, Kansas City, Missouri, March 1972) is a sug-

gested reference to provide a ready information source for many

of the solid and liquid lubricants used in the space industry.

Developments in fluoroether and polyether lubricants have shown

these synthetic fluids to be satisfactory for the hard vacuum of

space. These lubricants are highly tolerant to evaporation,

migration, have no tendency to form deposits or washout, as well

as being non-corroslve and capable of maintaining the required

film thickness under load.

1
Testing of the perfluoro ethers at Battelle Laboratories below

40°C would satisfy NASA requirements to protect vacuum-ultravlolet

optical systems from contamination due to outgassing of solid
materials.

ID. B. Hamilton and J. S. Ogden: The Evaporation of Various

Lubricant Fluids in Vacuum, ASLE paper, preprint number 72LC-

6C-2, October 1972.
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Table 2. Comparative Design Factors

Component

Piston

Pumps

Rotary

Pumps

(vane, gear,

and lobe

types)

Centrifugal

Pumps

Axial Fans

Advantages

Efficient for small rates of

discharge or capacity, and

high pressure and suction lifts.

These pumps do not have valves

(as the piston pump) and can

handle thick viscous fluids.

Are suitable for service under

low to medium head.

Simple, long life, compact, low

cost, and can operate under a

variety of conditions.

High efficiencies, in line flow,

motor cooled by air-stream,

compact total envelope.

Centrifugal
Fans

(Compressors)

Stable performance at low flow

rates, built in 90 ° turn from

inlet to outlet, highest

pressure developed.

Disadvantages

Not suited for the handling

of very viscous fluids or

dirty media, due to the

tendancy to clog suction or

discharge valves. Dynamic

seals. Also pulsating flow

and weight.

Not particularily suited

for handling grit or abrasive

materials due to the close

tolerances between the rotary

element and the case. Limited

use for non-lubricating fluids

with low viscosity such as

water.

Less efficient than the

rotary pumps. Low head per

stage. Turbulent flow, (Ref

i)

Low pressures developed

(0-8 in. of water).

Medium pressures developed

(0-25 in. of water).
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Tab Ze 3. Design Factors for Long-Life Assurance Part/Component:

Pumps, Compressors, and Fans

DesiKn Factors

Bearing Material

Dynamic Seals

Static Seals

Materials

Compatibility

Housing

Noise

Suppression

Journal Bearings

Ball Bearings

Roller Bearings

V-12

Remarks

Flow media and lubricant are the most important con-

siderations (see text for particular recommendations).

Ceramic bearings may be required for long life.

Metallic bearings must be free of inclusions or

stringers.

Avoid dynamic seals which wear and cause contamina-

tion by using:

I) Magnetic coupling system.

2) Submerged pump/rotor assembly.

3) Totally wet pump/motor.

Brazed or welded housing joints are preferred to

captive types of seals for fluid sysfems.

Inert fluids are recommended, such as Coolanol

or Oronite for coolant systems.

Housing leakage in fluid systems can be solved by:

I) Impregnation of castings with sealant

substance.

2) Using vacuum melt material to eliminate

stringers or inclusions.

Methods to suppress noise include:

i) Mechanical isolation.

2) Sound suppressor/acoustical insulation

material.

3) Non-metallic duct and connectors.

Advantages: simple, inexpensive, and can be used in

small spaces.

Disadvantages: higher coefficient of friction than

ball bearings

Advantages: low friction, short length, can accept

both radial and thrust loads.

Disadvantages: diametrically large, costs more than

Journal bearings.

Advantages: higher load capacity than ball bearings,

diametrically smaller than ball bearings.

Disadvantages: longer than ball bearings, costs more

than journal bearings.



The final solution will dependon the requirements of the customer.
The state-of-the-art exists to develop the bearings and the match-
ing of fluids; but because of expensive testing, the companies
will not develop and test for long life until long lives are re-
quired.

Seals - The pump manufacturers are using elastomers that are com-

patible with the coolant fluids, such as:

i) Nitrile;

2) Butyl rubber;

3) Chloroprene (Neoprene);

4) Silicone rubber;

5) Fluorocarbon rubber (Viton), and;

6) Ethylene propylene.

There are, of course, no final solutions. As better fluids and

pump designs are developed, the static seals of better design and

improved fluid compatibility will keep pace. It is recommended

that a continuing review of the state-of-the-art be implemented

by Martin Marietta's Denver Division (Ref 2) for NASA.

Dynamic seals are being eliminated by the use of magnetic coupl-

ings that transmit ac power to an ac induction motor that is

canned and runs completely submerged in the coolant fluid. The

coolant fluid is dielectric. The approach has been incorporated

into the Apollo Lunar Module (LM) coolant package.

Figure 1 shows the currently used motor and pump coupling arrange-

ment. They are:

i) Totally wet motor - does not require a sleeve around the rotor;

the coils are encapsulated and non-corrosive coolant fluids
are used.

2) Submerged pump and rotor assembly - a sleeve is located around

the rotor assembly and the coils can be hermetically sealed.

3) Magnetic coupling system - the advantages are:

a) No shaft seal;

b) No viscous drag of the motor rotor (better efficiency),

and;

c) Dry motor.
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(a) WetMotor

(b) SubmergedPump

'V'
(c) Magnetic Coupling

Figure 1 Pump Coupling Arrangements
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High-Strength Materials - Inherent in the development of high-

performance turbomachinery is the need for high-strength materials

(Ref 3). This involves the selection or development of suitable

materials and the development of acceptable production techniques.

The general survey of manufacturers and users revealed that high-

strength materials represent a continuing area of research; high-

strength materials are not considered a long-life problem that is

beyond the state-of-the-art, but rather a research and test problem.

Effort is being expended in the development and selection of mate-

rials and coatings for stress corrosion protection, the development

of joining of dissimilar metals, and the investigation of advanced

alloys, such as columbium, beryllium, molybdenum, etc. These are

areas that require surveillance and continuing evaluation of ad-
vances in the state-of-the-art.

System design and fluid compatibility with the design material

are of primary importance if component long-lives are to _e

achieved. Important considerations in the design of long-life are:

i) Development of long-life bearing;

2) Development of adequate seals;

3) Evaluation and selection of high-strength materials, and;

4) Better flow patterns and smaller energy losses.

Data obtained from the "Parts, Materials, and Processes Experience

Summary" (Ref 4) provides users with the accumulated experience

resulting from ALERT reports issued by NASA and the Government-

Industry Data Exchange Program (GIDEP). The reporting period

covers from 1964 through March 197!. Only one problem was re-

ported on compressors, fans, and pumps. The problem was that of

cracks appearing at the same point and at the same angle on the

fan blade. Problem analysis revealed that flutter induced by

the leading edge of the blade causing a constant flexing at the

rivet point creating a crack which elongates with centrifugal

force and constant flexing. The problem was corrected by sub-

sequent redesign and structural reinforcement of the fan blades.
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Material8 Gompatibility - The typical coolant pumps used in aero-

space systems have shafts that are very small (less than 1/4

inch diameter) and the bearings are not hydrodynamic. The bearings

operate in the boundary regime and fluids are fed to the bearings

for lubrication and cooling. Suitable bearing materials must be

selected and are often carbon-graphlte.

Bearing material selections are the main design problems for pumps,

compressors, and fans. Typical utilization of bearings are shown

below:

i) For water glycol systems, carbon graphite pump bearings are

rated good;

2)

3)

For Coolanol systems, carbon graphite pump bearings are rated

fair;

For other fluids, glass filled Teflon pump bearings can be

used for i0,000 to 20,000 rpm applications, and;

4) Ventilation fans studied have employed ball bearings.

The survey of manufacturers and users indicated they are not com-

pletely satisfied with water systems (which are usually adopted

to provide an emergency drinking water source). Although ionized

and purified, water remains a very reactive solution involving

corrosion and the dissemination of sediment in pump clearances

after draining. Continuous operation presents little problem,

it is the dwell periods that permit chemical reaction to proceed

and materially affect the pump and fluid system components. One

particular contaminant isolated was Reevesite.

Metal wear products form the nucleus of chemical reactions and

the carbon graphite bearings also react with the coolant. The

inhibitors such as Maridyn and Raccol have improved this situation,

but cause increased wear. Chelates was another consideration

where the abrasive nature was unknown along with the quantities

needed for metallic ion control. The AP and At's that result

from the systems restrictions, particularly the relief valves,

accelerate chemical _eactions in the water systems. The problems

identified with the water systems are minimized by the use of the

centrifugal pumps.

Hence, it is recommended that Water systems not be used, whenever

possible, particularly with pumps involving close fitting parts

(vane fit are generally around 0.0002 in.). However, several

systems onboard a spacecraft (potable water, cabin thermal systems,
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and etc) require the use of a water pumping system. Inert fluids,
such as Coolanol or Oronite should be used whenever possible.
Coolanol fluids are particularly easy to handle since it is a di-
electric and is a good lubricant. A wet motor (uncanned) can be
used with this medium.

For these thermal control systems it was concluded that the centri-
fugal type pumpwas to be preferred, but cannot always be employed
because its efficiency is satisfactory for only a certain specific
speed range. See Figure 2 (from Ref 5) Efficiency versus Specific
Speed.

The specific speed is obtained by its relationship to rpm, flow
rate, and head. The classifications shownin the figure are cen-
trifugal, mixed flow, and axial flow pumps. These are classified
according to the flow path through the pump. By multistaging
centrifugal pumpswith the overall &P split between pumps, the
centrifugal pumpscan be placed in a more satisfactory efficiency
position.

For comparison with the pumps, the Efficiency versus Specific Speed
for various types of fans is presented in Figure 3 (from Ref 5).
The fan efficiencies are lower and the specific speeds are higher
than the pumpsstudied.

Noise Supression - The technique used for noise suppression is

to prevent the transfer of vibrational energy to large surfaces

which dissimate this energy into the air in the form of acoustical

radiation. The amount of sound emitted by moving parts are mainly

due to the vibration from the supports and structure. The amounts

emitted to the air are negligible. Materials of different speci-

fic acoustical resistance are used between moving parts and sup-

ports to reduce the transfer of noise, and the control method is

dependent upon the frequency of emission. Methods used for fan

noise suppression include:

i) Mechanical isolation;

2) Sound suppressors;

3) Non-metallic ducts and connectors, and;

4) Acoustic insulation materials.

Incorporate i) through 4) to reduce the noise level to 55 decibels

in the crew areas for manned missions.
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b. Survey Results - Two surveys were conducted. One survey in-

volved general questions concerning the long life assurance of

compressors, fans, and pumps; the consensus of the answers is

presented in Table 4. The second survey determined why specific

selected compressors, fans and pumps obtained long lives and high

reliabilities. The results of this survey are summarized in

Table 5. Response from both surveys are incorporated in the

discussions throughout this study.

The survey indicates that none of the compressors, fans, or pumps

have been developed for long lives such as five years or longer.

The components have been developed for manned flights. The Apollo

flights have been up to 14 days duration, the Skylab mission is

approximately 8 months duration of which roughly 5 months are

manned. As a result there has been no long-life space require-

ments for these type of components until now.

Both the users and manufacturers surveyed indicated that the

bearing/lubrication combination were the life limiting factors

for compressors, fans, and pumps. Contributors to the problem

were:

i) Grease depletion due to time and temperature resulting in

excessive wear or galling of bearing interfaces;

2) Grease blowout through the bearing shield;

3) Eccentric loading or misalignment of shaft, and;

4) Wear combined with contamination and loading to fatigue

bearing.

An observation from this study is that fans and motors generally

use ball bearings and pumps used plain or journal bearings. The

reason for these applications are:

l) More viscous drag is present on ball bearings if they are

submerged in fluid;

2) Journal bearings are lubricated by the coolant fluid, and;

3) Journal bearings are smaller and would require smaller pump

housings.
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Tab le 4. Results of General Manufacturing/Agency Survey for

Compressors, Fans and Pumps

qUESTIONS

I. Do you manufacture (use) aero-

space compressors, fans or

pumps? Usage?

Gemini, Apollo, LEM, Skylab

2. What is the expected llfe of

subject part?

Ventilation fans 20,000 to 25,000

hours. Compressors (rotary) 4,000

hours. Pumps, 14,000 hours.

3. What are the failure mechanisms

(causes) of the failure modes?

Bearing problems due in part to vibra-

tion, temperature, and lubrication.

4.

51

What failure modes would prevent

a ten year service life? What

failures have occurred?

What solutions do you suggest

for the above failure modes that

would either enhance the opera-

tional life and/or increase the

probability of success?

I. Grease depletion from bearing.

2. Grease blow out of bearing shield.

3. Eccentric loading of bearings.

There has not been any recorded

flight failures.

I. Increase bearing size

2. Increase bearing preload

3. Lower shaft speed

4. Use a larger motor

5. Perform preventative maintenance.

61 To achieve long llfe, what

design features are incorporated

in your unit?

7. How do you determine part llfe?

i. Should require high fatigue factor

for bearings.

2. Maintain lubrication film.

I. Life tests or endurance tests.

2. Determine margin above mission

requirement.

8. Did you test for specific failure

modes and mechanisms and were any

special testing techniques used?

I. Lubrication tests

2. Fire hazard tests

3. Contamination tests

9. What process controls are neces-

sary to ensure long llfe?

I. Sample bearings to verify proper

lube quantity.

2. Inspect lube for contamination

levels.

3. Component run-ln.

4. Traceability of piece parts.
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Most life endurance testing was truncated because the mission

requirements were exceeded or because of time and cost restraints.

It is recommended that these type tests be run until the compo-

nent fails (margin testing). This would provide positive para-

metric life data, but may require accelerated testing techniques.

c. Alternate Approaches - The alternate approaches of thermal

control systems involve the selecting of the type to be used.

Refrigerant, coolant, heat pipes, or passive thermal control

systems, represents some of the choices available. Spacecraft

applications include: refrigeration systems for food storage

(Skylab Program); coolant loops have been used for flight crew

suit cooling and electronic cooling; heat pipes uses are struc-

ture, electronics and Orbiting Astronomical Observatory (OAO)

telescope thermal control; and passive thermal control techniques

have been widely used and the methods involve paint, insulated

wrap, and louver panels.

The types of fans or compressors used for a particular application

depends on the magnitude of the resisting pressure against which

the air is moved. Although no strict demarcation exists, and
definitions have not been standardized, the following table in-

dicates the range and type of air handling equipment capabilities

(Ref i).

Propeller Fans 0 - 8 inches of water

Centrifugal Fans

Blowers

0 - 25 inches of water

1 to 5 ib/in2/stage

Centrifugal Compressors 30 to 150 ib/in 2

Additional Studies Required - From the survey of manufacturers

and users, it was determined that the possible studies and test

programs for research into state-of-the-art advances for long-life

assurance include:

I) The long term electrochemical effects of materials and fluids;

2) The possible use of ceramics instead of carbon-graphite for

bearings;

3) Methods to reduce wear particle generation;

4) Material compatibility selection characteristics, and;

5) Continuing effort for bearing development.
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d. Har_are Life - From the survey of manufacturers and users

the current life estimates for the following components are:

i) Pumps, 14,000 hours;

2) Fans, 20,000 to 23,000 hours, and;

3) Compressors, 4,000 to 6,000 hours.

For this analysis, a spacecraft thermal control pump has been

defined as a fluid recirculating pump that is capable of operating

from the spacecraft's electrical system, usually 28 to 32 Vdc

(but also may include ii0 Vac, 400 Hz, or 200 Vac, 400 Hz). The

pumps, fans and compressors are generally characterized by their

high impeller speed of 5000 to 30,000 rpm, small size, light

weight, and small power requirements.

During this analysis, only two manufacturers were located who de-

sign, develop, manufacture, and test thermal pumps for spacecraft

application; Garrett AiResearch Manufacturing Division and Hydro-

Aire, a Division of Crane Corporation. Both manufacture a pump

assembly package consisting of multiple pumps. Normally, the

capacity of any one of the pumps is sufficient to satisfy the

system requirements.

Both companies stated that the state-of-the-art exists to build

thermal control pumps that would operate continuously for one

year, and each was the opinion that three years operation is pos-

sible with development and substantial testing. It is possible

that the present pump design could be modified to obtain a three-

year life; testing is a big problem because of the time involved

within endurance testing. It is thought that the compressor

life may be much longer than the data indicates, however, in many

cases the test for compressors, fans, and pumps has been truncated.

This survey of manufacturers and users revealed that the problems

involved in developing high-performance long-life thermal control

pumps are:

i) Development of long-life bearings;

2) Development adequate seals (loss of flow media could limit

mission duration);

3) Development of high-strength materials;

4) Determination and use of compatible fluids, and;

5) Determination of flow patterns.
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The problems involved in developing high'performance long-life

fans and compressors are i), 2), and 3) above.

Note that the operating environment is primarily the pacing con-

sideration in the design of the thermal pump. Size, weight, and

coolant fluid all force design approaches_ but in the final analy-

sis it is the operating environment that determines the final

design.

A Planning Research Spacecraft Study (Ref 6), which include ther-

mal control systems, listed no failures for compressors or pumps

during launch or orbit activities. These statistics are based

on 304 spacecraft used on 41 programs. The spacecraft data in-

cludes a sample of 48 units and 5100 total survival hours in orbit

for compressors and pumps. However, these data are from short

duration programs and problems develop when operating these com-

ponents for long duration flights of ten years (87,600 hours).

Specific life data and applications for various compressors, fans,

and pumps are presented in the following paragraphs.

The suit compressors used in the Apollo Command Service Module

(CSM) are basically the same compressors that are used in the

molecular sieve on the Skylab program. The Apollo unit compres-

sor design life was 1200 hours and the life data ranged from

2124 to 3125 hours. The mean operating time to failure was 2673

hours, based on six units tested. The Skylab molecular sieve

compressor design life was 2000 hours and one unit has experienced

3743 accumulated operating test hours.

Two Gemini fans were operated for 20,879 and 22,195 hours each

before failure. The design life for these fans was 2000 hours.

The Skylab circulation fan is basically the post-landing ventila-

tion fan used in the Apollo program. The design life for the

Apollo fan is 1200 hours. The mean time between failure for two
units tested were 4750 and 8317 hours. Two other fans were tested

to 4738 and 21,888 hours and the tests were terminated without

fan failure. The Apollo fan housing was modified for replacement

ease and the fan was furnished to the Skylab program as Govern-

ment Furnished Equipment.

The early Apollo glycol pumps used ball bearings, rather than

the currently used journal bearings. The test program from which

these data were extracted was conducted primarily to evaluate

the longevity of the glycol pumps. Four pump assemblies were

tested and the pump, impeller, housing bearings and check valves

exceeded the 1200-hour minimum operating time requirement for
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the Apollo mission in somecases by a factor of i0. The glycol
pumpmotor life of 7000 hours was noted for the early design,
but improved motor bearings have been tested for i0,000 hours
(Ref 7).

McDonnell Douglas have operated these gear type pumpsover 9000
hours during Skylab testing. The vane type water pumpsthat were
used on LMhave been subjected to 6000 hours testing for Skylab
applications.

e. Applications Guidelines - The Skylab program uses 27 fans in

the cluster ventilation control system and seven fans are kept

for spares. No tools are required to remove or replace a defec-

tive duct fan. All fans are interchangeable. The fans are op-

erated continuously during the habitation periods and cycled off

at the end of the habitation periods.

There are four air compressors for the molecular sieve system on

the Skylab program (one spare). Two compressors are used for

each molecular sieve; however, only one operates at a time.

Although no tools are required for replacement, restraints and

tethers are required to allow the use of both hands and to re-

strain removed items (Ref 8).

The concept used for the Skylab compressors and fans is not to

develop long-life components, but to select proven components.

Efforts were made to make component replacement an easy task and

to have an ample number of these components to last the program

duration.

There has not been any inflight maintenance recommended for the

pump packages for the Skylab program. The problem was skirted

by the use of standby and redundant pump packages.

In view of the previous NASA approaches and the results of the

study, it is recommended that the following alternatives be con-

sidered)

Mechanical component or module replacements are quite feasible

and desirable. System designs, which can accept plug-in or snap-

in type items (such as pumps, filters or valves), are recommended.
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De TEST METHODOLOGY AND REQUIREMENTS

The survey of manufacturers and users revealed that accelerated

testing techniques generally are not performed on compressors,

fans and pumps, however, accelerated testing for these components

should be developed. The common qualification tests (applicable

to certain units) for these components include: volumetric flow,

pressure rise, operating pressure, proof pressure, burst pressure,

external leakage, and design life tests. It is recommended that

the life tests not be truncated (after an operating time require-

ment is met), but operated until the unit is out of limits or

fails.

A 100-hour run-ln prior to flight is recommended by the manufac-

turers andusers contacted for pumps, fans and compressors. It

is also recommended that life endurance tests be conducted on

those units under operational conditions. These tests would un-

cover latent manufacturing defects and provide a quantita[ive

Judgment of the units life.

One manufacturer has suggested (to extend bearing life) that

special bearing inspection be performed to Controi quantity and

contamination of lubricant. It is recommended that the variation

of the applied lubricant could be managed by this technique.

In regard to the launch vibration levels expected for the Shuttle

Program, the survey of manufacturers and users indicated that

these levels should not be a problem to the plain Journal bearings

used in their pumps. Their experience, has included vibration

levels to 10-20 g. The motor bearings would also be vulnerable

to these vibration loads, but they can be sized to meet these

loadings. The survey reveals that many motors used in engine

applications experienced high "g" levels without problems.

Failure Mode Detection - The flight crew may detect a fan failure

by audio means or by feeling the fan housing and determining it

is not operating. A crewman may then remove power if the fan

is inoperative and replacing the defective fan with an onboard

spare. The fans are not normally monitored with ground instru-

mentation.
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A coolant pump failure monitor normally activates an associated

panel warning light and an audio signal for the flight crew.

Telemetered information for both the ground flight and ground

crew can include flowmeter readout for the affected loop pump

current and start transients, or delta pressure transducer read-

out which indicates low pump pressure. Since these coolant pumps

are normally used redundantly, the appropriate action is to acti-

vate the alternate pump.

V-31



EL PROCESS CONTROLS

J

Necessary process controls include the fabrication of bearing

material free from inclusions, stringers, or voids. These types

of problems cause increased bearing wear and ultimate failure.

_nufacturing methods that include a vacuum melt, or even remelt

processes, minimize the presence of inclusions and are a recom-

mended practice to improve bearing life.

Housings used in fluid systems must be leak tight. Castings can

be impregnated with a sealant to preclude leakage. The housing

material (machined) used can include a vacuum melt process to

reduce inclusions.

Data from Reference 4 revealed that 22 of 74 bearings in stock

for Saturn usage had cracks. It was concluded that the procure-

ment specification pertaining to bearings (high speed, long-life,

or heavily loaded) that were used in failure critical applications,

should contain a proviso for 100% dye penetrant inspection on

balls prior to installation in bearings to detect cracks.

Part Usage Constraints - Compressors, fans and pump life require-

ments for such programs as Shuttle cannot be met unless maintenance

and restoration are permitted. This study indicates that compres-

sors, fans or pumps maximum service life expectancies range up to

three years using present state-of-the-art components. Tables 2

and 3 show the advantages and disadvantages of the various compo-

nents under consideration.

A tradeoff study is needed to evaluate whether a concerted effort

need be performed to extend the life of these components, or whether

maintenance and restoration can be performed on these components

for extended utility.
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F. THERMAL CONTROL PUMPS, COMPRESSORS, AND FANS DESCRIPTIVE

INFORMATION

i. Thermal Control Pumps

Thermal control pumps, also referred to as recirculatory pumps,

are used to circulate a coolant fluid through a heat transport

section to control heating in selected electronic packages and

the environmental control systems for the Gemini spacecraft, the

Apollo capsule, the LM, Skylab equipment and the portable envi-

ronmental control unit carried in the astronaut backpack.

Thermal control pump packages generally include an electric induc-

tion motor, impeller, relief valves, check valves, filters, dif-

ferential pressure switches, bearings, seals, noise filters, a

metal housing (usually machined) and a power source consisting of

either a standard ac motor, brushless dc motor, or a solid-state

dc/ac inverter motor.

Operational as part of the pump package are such components as

accumulators, that provide positive inlet pressure to the pump

and provide for fluid thermal expansion.

The coolant fluid media used for aerospace applications include

ethylene glycol-water, Freon mix, Coolanol, Freon E or water.

Dielectric fluids include Coolanol, FC-75 and Freon, while in-

cluded in the non-dielectric fluid categories are: water, ethylene

glycol, and water methanol.

a. P_v_s - The pump can be either centrifugal or a positive dis-

placement rotary (gear or vane).

Centrifugal P_ - These pumps are made up of four major elements;

impeller, bearings, seals, and motor/driver. Current centrifugal

thermal pumps employ the single-suction impeller type where the

coolant liquid enters the suction eye on one side only. These

types are being used in the Apollo program.

Gear Pump - They have two or more intermeshing gears or lobed mem-

bers enclosed in a suitable housing. These are constant delivery,

positive-displacement units that are generally used when the se-

lected fluid has high viscosity. The gear pump, because of its

compactness, lends itself to tandem or double-pump assemblies.

The Gemini and Skylab programs used this type pump.
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Vane i_ - The type pump may be of either the fixed-delivery or

variable delivery type. The former types are power-driven pumps

having a constant volume, with multiple vanes within a support

rotor encased in a cam ring. The rotor can be stainless steel

rotating within a steel liner. To reduce friction, all steel

parts; vanes, rotor, lines, and side plates, can be treated with

a hard chrome diffusion process. Pumps of this type are presently

used in the LM and Skylab coolant packages. Like the gear type,
this pump lends itself well to compound element combinations.

The Skylab water pumps (Fig. 4) are positive-displacement, rotary

vane, electrically powered pump assembly consisting of five sub-

assemblies: (i) pump, (2) relief valve, (3) ac electric motor,

(4) dc to ac inverter, and (5) outer housing whic-hencloses the

entire assembly. These pumps can continue to operate with the

outlet line blocked because the internal relief valve allows flow

from the outlet back to the inlet side of the pump when the out-

let pressure builds up to the relief valve cracking pressure.

Most structural parts are made of corrosion-resisting ste&l and

the bearings are carbon Journals. The entire unit is hermetically

sealed by welding. The motor stator and inverter are separated

from the motor and pump and are sealed in an inert atmosphere.

b. Motor�Drivers - There are three commonly used electric motors

in use to drive the pump section: (i) a standard ac induction

motor; (2) brushless dc motor; and (3) standard dc motor.

There are numerous motor/driver/coupling combinations. However,

for this study only two methods and techniques are described.

Inverter - ac Motor Combination - This driving design has two

main components. One includes a solid-state dc/ac inverter that

supplies power to the second component; an ac induction motor.

The motors are either two- or three-phase ac motors. The special

feature of this design was the canned motor stator. The electrical

stator was placed in a welded stainless steel "can" to completely

isolate the windings from the fluid. An open electrical stator

used in a common coolant, such as water/glycol solutions, are

destined to fail because of high conductive and corrosive pro-

perties of the fluid. The electric inverter employs solid-state

electronic circuitry to transform the input dc power to ac power.
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The inverter consists of regenerative external feedback to place

the transistors in the saturated mode and also renders the fre-

quency insensitive to voltage and load change. Briefly, the cir-

cuit consists of two individual inverters that are cross-coupled

with one another in a manner that produces a constant phase shift

between them. If reasonably matched, the phase shift will be 90 ° ,

as required for the optimum operation of the two-phase induction

motor. For the purpose of driving a thermal liquid pump, a nearly

constant motor rpm offers the advantage of maintaining a nearly

constant flow of fluid, independent of input voltage variations,

as well as hydraulic resistance variations. However, when operat-

ing at constant frequency and at the lowest input voltage, the

motor efficiency may drop significantly and the overload margin

may become undesirably small. Therefore, the regulator circuits

are adjusted to produce a voltage variation equal to between

1/3 and 1/2 of the input voltage variation. In so doing, the

inverter motors are made capable of operating efficiently over

a wide range of input voltages and maintain a safe margin of

torque capacity at the lowest input voltage. Suitable propor-

tioned controls will maintain a constant starting and pullout

torque over an input voltage range of 2 to i.

Brushles8 do Motors- The brushless dc motor design has been

proven during testing for the MOL, Apollo, and Skylab programs

where Freon-21 coolant was used. The magnet drive coupling

principal uses a barium ferrite slx-pole permanent magnet mounted

on the pump impeller shaft. The magnet rotates in the refrigerant.

Inconel covers are placed over the magnet piece and are bolted

to the pump housing. The brushless motor that drives the magnet

consists of a permanent magnet rotor, ironless stator, a light

source and aperature disc (which are used to indicate commutation

sequence), and the mechanical parts necessary to enclose the

machine, support the bearings and provide the proper mounting

pad. Commutation switchings are accomplished in an electric

package described in the following paragraph.

There are four primary motor components, and a brief description

of each follows:

l) Permanent Magnet Rotor - The rotor magnet use platinum-cobalt.

It has a high coercive level and permits operation across

large air gaps.
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2) Ironless Stator - Because of the high coercive strength of

the rotor, no stator teeth are needed to provide a magnetic

flux path. This permits use of the full bore area for copper.

Stators are made mechanically sound by compacting and epoxy

encapsulating the copper, and employing a laminated iron ring

around the outside diameter. The ring keeps stray magnetic

flux from extending to other regions of the motor. The main

stator windings are designed half-wave operations. Secondary

windings are placed over the main winding to produce, when

rectified, a dc output proportional to speed. Signals are

used to monitor the output speed.

Aperature Disc Con_nutator - A series of matched solid-state light
emitters and detectors that are energized when the rotor fields

are aligned with a specific stator coil. The light detector

signals are used to switch a power amplified that, in turn, ex-

cites the specific stator winding with rated direct current voltage.

Mechanical Assembly - The permanent magnet rotors are precision

mounted on a shaft. The stators are mounted in housings that

permit attachment of end bells. Grease-packed bearings are used.

The light emitters and detectors are mounted in the stator housing

and aperature discs are mounted on the shafts. This type motor

and coupling has proved reliable in many space programs including

Apollo and Skylab.

c. Seals - Two types of seals are used in thermal control pumps;

static and dynamic.

The dynamic seals are being eliminated by the use of canned

motors, dielectric coolant fluids, and the use of magnetic coupl-

ings.

Static seals or mechanical seals may differ Jn various physical

respects, but are fundamentally the same in principal. The seal-

ing surfaces on both kinds are Located in a plane perpendicular
to the shaft. There are two basic seal arrangements; the inter-

nal, in which the rotating elements are inside the case and are
in contact with the fluids; external, in which the rotating ele-

ments are located outside the box.

The pressure of the fluids in the pump tends to force the rotating

and stationary faces together in the internal seal, and to force

them apart in the external seal.

The main static sealing methods are in use today; flat gaskets,

O-rings in grooves, and seals molded in place.
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Fans and Compressors - Fans and compressors are similar because

they both convert mechanical rotative energy, applied at their

shafts, to gas energy.

Most fans and compressors as classified by the geometrical flow

path (such as centrifugal or axial). Axial fans are identified

by flow within the wheel that is parallel to the shaft. Centri-

fugal fans have flow within the wheel that is perpendicular to

the shaft. Air is drawn into the impeller or fan blades where

energy is added, discharged to the case, and forced through the

fan or compressors outlet. The energy added appears as an increase

in pressure, velocity and temperature.

Figure 5 shows a typical cabin fan used on the Apollo program.

The fan is a single-stage, direct motor drive, axial flow fan

operated by a 115/120 V, 3-phase, 400 cps power source. The fan

was designed to rotate at a nominal speed of Ii,000 rpm to func-

tion for a 1200-hour minimum operational life.

f

Housing

Impeller

Motor Rotor

Assembly

"Flow

Stator Winding

Deswirl Vanes

Figure 5. A_al Flow Fan
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The molecular sieve compressors (fan) used on the Skylab program
are basically the suit compressors that were used in the Apollo
CSM,Figure 6. This fan is a single-stage centrifugal design
with a single speed and a relatively high flow output with a low
delta pressure. Flow through the compressor deflects after pass-
ing outward through a diffuser into a conically converging annular
passage over the motor housing. The deswirl vanes, which also
support the motor, straightens the air flow. An aluminumalloy
conduit carries the electrical lead across the flow path into a
hermetically sealed receptacle outside the compressor.

Bearing

Stator

Deswlrl Vanes

Figure 6. Compressor

Electrical

Connector

Housing

Bearing

Rotor Assembly
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Flow

Impeller Assembly
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VI. MAGNETICTAPERECORDERS

A. INT RODU CT ION

The history of magnetic recording began with its invention at the

turn of the century by Valdemar Poulsen. However, the beginning

of large-scale application of magnetic tape recorders did not

occur until the early 1950's. By 1966, the April issue of Instru-

ments and Control Systems Magazine presented a partial list of

aerospace tape recorders and their characteristics consisting of

50 models by 18 companies. Up to 42 channels of data are now

being recorded on a single tape. One reason for tape recorder

popularity is the high information storage capacity available for

the size, weight, power consumption and cost.

The spacecraft tape recorder has three major areas of applica-

tion. First, they are used for time compression of data; data

is read out upon command when the tracking station is available

and in position for interrogation. Secondly, they are used for

time expansion of data for deep space probes. Data must be re-

corded at a rapid rate during planet encounter, but must be read
back at a much reduced rate because of the bandwidth limitations

of the communication link between the spacecraft and earth.

Finally, they are used for on-board storage of computer program

material for manned spacecraft.

Most spacecraft recorders require multispeed operation because

of the time compression or expansion requirements. Multispeed

operation can be obtained by numerous methods. Probably the most

reliable approach consists of chamging the frequency of the power

source for the synchronous motor using logic circuitry. The study

of electric motors, Chapter II, includes guidelines for electric

motors, bearings and lubricant selection for tape recorders.

Very briefly, the magnetic tape recorder functions as follows:

Signals from transducers are conditioned and conducted through

a coil wound around a magnetic core. A tape with a magnetic

oxide coating is passed over a gap in this core; the field in-

duced by the signal creates magnetization patterns on the oxide

film. Constraints on information capacity are imposed by noise,

linearity or distortion, frequency and mechanical stability.

The information is recovered when the tape is passed over a
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second head. The tape transport consists of the tape reeling
system; tape or capstan drive system; record, reproduce and
erase heads; and tape guides. For those desiring more orien-
tation information, suggested reading is "The Elements of the
Tape Recorder" chapter of SP 5038.

Magnetic tape recorder signal bandwidth is a function of both
mechanical limitations and the relative velocity of the tape with
respect to the recording head. Increases in signal bandwidth re-
quirements are met by either increasing the speed of the tape or
by increasing relative tape speed by mounting the record/reproduce
head in a rotary drum. The record/reproduce head rotates at rela-
tively high rpm's while remaining in contact with the tape, thereby
producing relative tape speeds of 1,000 inches per second or more
while the tape reeling system handles only up to 120 inches per
second of tape.

The life estimates in this chapter are usually expressed in either
calendar years or cycles. These estimates assumethat the error
rate until the end of life is within specifications. Actually three
parameters are involved in estimating the life of a magnetic tape
recorder, viz: (i) how long (years) the recorder will actually
last, (2) the storage rate capability, and (3) the bit error rate
at a point in time.

The head maybe fixed or rotary. Except for ERTS,only fixed
heads are currently employed in satellites because they are less
complex, more reliable, weigh less and cost less according to a
survey. Rotary head recorders are used primarily for ground
television recording with tape speeds up to 1200 inches per sec-
ond; this type recorder has been used on one earth resources
satellite. Because of the lack of spacecraft usage and of timely
data of rotary head recorders, only fixed head recorders are
studied in this chapter. However, in general, the fixed head
recorder discussions apply to rotary head recorders.

The majority of the long-life limiting problems involve the mag-
netic tape, magnetic head, bearings and drive belts. The elec-
tronic long-life problems are not unique to tape recorders and,
therefore, not covered in this chapter. VolumeII presents some
of the long-life problems and solutions for electronics. This
chapter places emphasis on the transport elements of the magnetic
tape recorder.
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Bo GUIDELINES FOR LONG-LIFE ASSURANCE

I.

The major life limiting parts of the magnetic tape recorder are

the magnetic tape, magnetic head, bearings and drive belts. The

solution to the drive belt problem appears to be direct drive

design. For manned missions, the magnetic tape wear problem will

disappear if the tapes are replaced prior to wearout. A con-

tinuously operating tape recorder with a two-year life is within

the state of the art. A five year continuously operating recorder

can be developed with a low-speed record and medium speed play-

back. Technology exists to obtain 50,000 tape cycles with optimum

tape and transport design.

Design Guidelines

i) The materials used for the front face of the head should be

harder than Rockwell 100B to reduce headwear, drag and debris

generation. Use one of the ferrite alloys such as "Alfesil,"

"Spinalloy," or "Alfenol."

2) Do not use a section of head cleaning tape on one end of the

tape reel to remove debris, glaze and gap smear. Although

an apparent short term answer, use of head cleaning tape

aggravates wear and subsequent debris formation in long term
applications.

3) Employ only instrumentation magnetic tapes and transports

with a history of superior performance in spacecraft appli-

cations to increase the probability of success.

4) Use NASA/GFSC specification S-715-P-14 which delineates

specifications for selecting and using magnetic tape.

5) Limit the maximum stress level in mylar tape to 3000 psi to

avoid a region of non-linearity in the region of 8000 to 9000

psi. Keep the tape pack winding tension low to prevent tape
deformation.

6) Don't use endless loop transports. They tend to jam or throw

loops. Without optimum design a balance between these two
failure modes is difficult to maintain.

7) Avoid drive belts which are life limited primarily because

of delamination. Use direct drive motors.
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8) Minimize the following consistent with constraints to reduce

head and tape wear:

a) Tape velocity;

b) Tape wrap angle;

c)

9)

Head radius.

Consider the merits of the high reliability five-year tape

recorder system designed by lit Research Institute for NASA/

Goddard as a design baseline. They recommended a reel-to-

reel coplanar configuration with independently motor driven

reels and capstans.

i0) Investigate the feasibility of eliminating multispeed re-

quirements by using a semiconductor or magnetic buffer for

input/output of data and parallel recording on multiple
tracks.

ii) Limit the lubricant in the tape binder to the range of 1% to

2% of the total weight of the binder system. Large amounts

of lubricant will weaken the binder while small amounts will

not reduce the coefficient of friction adequately.

12) Minimize the number and complexity of moving parts to in-

crease reliability.

13) Minimize interacting mechanical function to prevent serially

adding functions.

14) Keep the rotational velocity of bearings relatively low to

help assure long life. (Too low a rotational velocity will

aggravate wear owing to a lack of hydrodynamic lubrication.)

15) Provide bearing lubricant reservoirs to replenish losses.

Process Control Guidelines

l) Limit voids or gaps between laminations or other discon-

tinuities on the front face to less than 50 microinches in

width. Also, there should be no scratch in the direction

of tape motion on the contact surface of the head that is

deeper than 12 microinches. There should be no scratches

perpendicular to the direction of tape motion. Compliance

with the preceeding will reduce the probability of tape

damage and decrease the rate of debris accumulation.
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2) Cleanliness in assembly is essential to prevent contamination

effects. Class i00 clean rooms are suggested.

3) Closely align the gap and apex of the head by observing and

maximizing the amplitude of the signal. Misalignment is more

critical with the new harder head materials since misallgnment

cannot be lapped-in from the passage of tape as with soft core

heads.

4) Specify and test for the desired tape characteristics rather

than attempt to control manufacturing processes since many

processes are proprietary.

Test Guidelines

i) Thermal cycle head windings and joints six times between -10°C

to +66°C to detect open or short failure modes.

2) Subject tape test specimen to the tests outlined in NASA/GSFC

specification S-715-P-14 to assure the tape has certain de-

sirable characteristics. These tests include:

a) Thermal stability;

b) Lubricant content;

c) Surface resistivity;

d) Chlorine content;

e) DC noise test (oxide dispersion evaluation);

f) Flexibility test.

Application Guidelines

i) Keep the temperature of the tape below 35°C to prevent binder

softening and subsequent iron oxide nodule formation.

2) Store tape at 30% RH, at a temperature less than 32.2°C, and

in an argon atmosphere to retard aging degradation.

3) Wear-in the head-tape combination to be used in service to

reduce tape abrasiveness and eliminate infant mortality.

Specification S-715-P-14 recommends 200 passes.
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. S_peclal Considerations

i) Consider continuing development of a fluid filled type of

transport that immerses the tape, heads and bearings in lubri-

cant to alleviate many of the wear and lubricant depletion

problems. Emphasis should be placed on increasing the re-

cording density (bits/inch) to that of other recorders.

2) An additional study of alternatives to magnetic tape recorders

should be conducted to ascertain optimum data storage/retrieval

systems for specific missions. Alternatives should include

optical/thermal, magnetic disc, silicon drum, dynamic MOS

RAM's and magnetic bubble techniques.

3) Consider, for manned missions, the Utility Modular Maintenance

concept as a limited-life-component-replacement-methodology to

reduce replacement tifae and installation error probability.

4) Use digital recording if constraints permit. Digital re-

cording permits saturation recording and re-clocking to re-

move jitter.

5) Investigate the feasibility of air bearings for continuously

operating recorders. Because of start-stop wear, air bear-

ings are not suitable for intermittent operation.

6) Determine the areas of airborne aerospace applications of

rotary head recorders. The data from the ERTS program should

be useful.
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C. LIFE LIMITING PROBLEMS AND SOLUTIONS

All agencies and manufacturers interviewed agreed that the major

life-limiting parts of tape recorders were magnetic tape, mag-

netic head, bearings, and drive belts. Some rate these problem

areas differently with respect to magnitude. However, they agree

that all were important from a research and development standpoint

if tape recorders were going to maintain pace with long-life mis-

sion requirements. The solution to the drive belt problem ap-

pears to be direct drive design. For manned missions, the mag-

netic tape wear problem will disappear if the tapes are replaced

prior to wearout.

As indicated in the introduction, the electrical/electronic long-

life problems are not unique to tape recorders and are not covered

in this chapter. Volume II covers various aspects of electrical/

electronic problem areas and solutions. The electronics of a

magnetic tape recorder must conform only to the electronic re-

quirements of other typical electronic equipment for similar

environments. Studies of tape recorder failure modes reveal

that the number of failure modes for the mechanical tape trans-

port section far outnumbers those for the electronic system

(Reference JPL).

Multi-track recorders complicate the electronics, but does not

change the basic long-life problems and solutions. However, the

greater the number of tracks, the greater the effects of the

anomalies. Multi-track recorders (to 42 tracks) increase elec-

tronic design problems such as cross-£alk, but life problems

remain essentially the same. Crosstalk requirements are more

severe for an analog than digital recording. Investigation

and discussion of basic design problems, not related to life,

is not within the scope of this study.
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l, Failure Mechanism Ana__lsis (FMA)

Table i presents a summary of the failure mechanism analyses.
It delineates the failure modes of mechanical components, mag-

netic tape and the case; their effects upon the recorder; the

probable failure mechanisms; detection methods; and recommenda-

tions on how to eliminate/minimize the failure modes. The follow-

ing paragraphs discuss and elaborate upon Table i. In practice,
the failure modes involving the head/tape interface must be con-

sidered as an entity; however, for convenience, the head and tape

failure modes are discussed separately.

a. Ma_etic Heac_ - Two main types of reproduce heads and one

type of record head are in current use. Most heads use the fring-

ing effect that occurs at a well defined gap in a soft structure

as the primary mechanism of either inducing magneto-motive force

into the tape or extracting flux from the tape. The "d _/dt" and

flux sensitive heads are the two kinds of reproduce heads, The

d _/dt head is almost identical in construction to the record

head. When the rate of movement of the tape is extremely slow,

the d _/dt output is low and the flux sensing heads are usually

employed. The reproduce heads usually have much smaller gaps

than record heads since the width of gap (within limits) does

not effect the overall resolution in the recording heads. Re-

cording head gaps are usually in the range of 0.5 to 2 mils.

Reproduce head gaps are sometimes as small as 20 microinches.

In addition to record/reproduce, it may be necessary to perform

the function of erasure of the tape. In pulse recording, erasure

is not usually required since the recording current usually satu-

rates the tape and previous tape history has only a minor effect

on the record left on the tape by a saturating signal. Direct

analog or FM requires an erasure function. The best methods is

to erase tape in bulk by passing the tape through a saturating

ac magnetic field which is slowly reduced to zero, leaving the

tape in an essentially unmagnetized condition. However, the

airborne erase function is normally performed by applying a strong

high frequency current to a head; this requires large amounts of

power. The erase function can be accomplished without the use

of power by using a three-stage permanent-magnet erase head. OGO

and Nimbus satellites used this approach.
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As indicated in Table i, wear is one of the major failure modes

of the head. The wearout characteristics Of the magnetic head

are determined primarily by the feet of the magnetic tape passing

over the head, tape tension, tape contact angle, abrasiveness of

tape, and head materials. Head wear is acute in applications
where the head dimensions are small and the head-to-tape pressures

and velocities (total footage) are comparatively large. The end

of the useful life of a head occurs when the tape wears through

the depth of the gap and the gap opens up.

Head wear can be reduced by passing the lowest footage of tape

at the lowest tension consistent with design constraints such

as packing density, resolution, frequency response and percent

of flutter. It is not possible to place absolute limitations on

tape speed and tension since trade-offs for particular applica-

tions are required. A typical tape tension is one pound for a

one inch wide tape. Common tape speeds vary from less than one

inch per second (ips) to well over i00 ips. Video recorder

velocities run as high as 1500 ips.

Improved tapes, such as 3M's 971 high energy series, show promise

of high resolution and, hence, lower tape speeds. "Spinalloy"

has created some interest in that it is claimed that heads made

with ferrite cores, tipped with laminated Spinalloy, can operate

at one-half to one-quarter the tape speed normal with other

present heads. This alloy developed by Spin Physics of San Diego,

California, is a four-element magnetic alloy with high perme-

ability and a Vickers hardness greater than 600. Resolutions

of 20,000 to 30,000 sine waves per inch are reported (Reference

i). Spin Physics Inc. claims a head life in excess of i000

hours at 120 ips. The higher the data packing density, the

fewer the tape passes required for a specific mission.

The need for an improved head material is indicated by relatively

low wear lives. For example, Mr. J. Baird, White Sands Missile

Range, stated they were getting about 500 hours of head life

when recording at 120 ips. Mr. J. Allison, VAFB, stated their

recorder heads only last 250 to 400 hours (Reference 2). In

addition to degraded recording characteristics, a worn head can

shred or damage the tape.

Some manufacturers are using ferrite to make magnetic heads.

Ferrite heads are becoming the state of the art according to

Mr. D. Bixler of 3M Company. In 1960, RCA developed an aluminum-

iron-silicon alloy metal pole tip known as "Alfesil," which is
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used for commercial video head wheel panels for operations up to
1560 ips. The present state of the art of aluminumheads without
Alfesil tips is 0.002 inch of wear in 5000 hours of operation at
15 ips (verified by test data). Extrapolation of wear test data
using Alfesil tips, indicated that head life could be increased
by a factor of about three if Alfesil tips were employed.
Alfesil heads used for earth resources spacecraft program lasted
ten times longer than conventional materials according to Refer-
ence 3.

Another problem is contamination (debris) buildup on the heads.
Also, a glaze can build up on the head. These problems result in
intermittent or loss of recording signals. Most contamination
is from the iron oxide coating on the Mylar tape. Abrasive re-
sistant additives and lubrication of the tape can considerably
reduce this problem. However, the lubricant may cause its own
problems, as explained in the next section on tapes. The use of
a section of head-cleaning tape on one end of the tape reel can
be used to removesomeof the head contamination and glaze for
short term applications. Recent re-examination of the use of
head-cleaning tape indicates that its use aggravates wear and
subsequent debris formation. Pyrotrack magnetic tape, due to
its extreme hardness and smoothness, shows promise of reducing
this problem.

Testing by IITRI (Reference 4) indicated head material was a
factor in establishing the functional drag characteristics of a
head/tape combination. It also indicated that the condition of
the front surface of the heads was an important factor in the
generation of debris regardless of the tape used. Since many
adhesion failures are preceded by excessive buildup of debris
on the heads, someinterrelationship exists between the two areas.
To reduce drag, debris generation and head wear, the materials
used for the front face of the head should be hard--greater than
i00 Rockwell B, Brass should be avoided. Alfenol and Alfesil
are amongthe preferable magnetic materials. Chrome,stainless
steel, and Havar are amongthe preferable non-magnetic materials.

Discontinuity or voids in the head can becomea trap for a par-
ticle. This, in turn, can cause tape damageand an accelerated
rate of debris accumulation. It is recommendedthat voids or
gaps between laminations or other discontinuities on the front
face should be less than 50 microinches in width as suggested in
Reference 4. Also, there should be no scratch in the direc-
tion of tape motion on the contact surface of the head that is
deeper than 12 microinches. There should be no scratches per-
pendicular to the direction of tape motion.
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Another type of head contamination failure was detected during
temperature qualification testing (above 50°C) of transports at
NASA/Goddard. These failures were caused by outgassing of epoxies.
This problem was solved by separating the electrical system from
the mechanical system in the recorder.

Head problems have also occurred in temperatures above 80°Cwith
expansion of the gap that results in an open failure. One corpo-
ration has developed a proprietary fix. This fix has been tested
successfully on a single-channel head in a thermal environment
of 175°C.

Gapsmear occurs when the core material flows across the gap
causing a magnetic short. The flow is believed to be caused by
contact stress fatigue. The remedial action is to resurface the
head (if possible), Smeareffects can also be reduced by using
harder materials such as Spinalloy and using widest gap possible.

Openand short failure modesresults from manufacturing defects
can also occur in the windings and joints of the recorder head.
Tight manufacturing specifications and temperature cycling ac-
ceptance testing (-10°C to +66°C) have virtually eliminated this
problem. See Chapter II of Volume IV for a thermal cycling
analysis.

Carroll and Gotham(Reference 5) found that the presence of
humidity at the head/tape area causes a large increase in wear;
almost proportional to the relative humidity. The humidity con-
dition of the tape, or tape surface, was found to have very little
effect on wear. The wear rate was not the samefor all head
materials, indicating the presence of moisture caused corrosive
wear. It is suggested that the transport section be charged with
dry nitrogen or equivalent if the head material responds to humid-
ity.

b. Magnetic Tapes - The consensus of the general industry and

users survey indicated the magnetic tape to be the major life-

limiting factor of spacecraft magnetic tape recorders. A tape

failure is defined as any breakage, wearout, or deformation of

the tape that will cause inability to retrieve data in a form

which will allow meaningful interpretation. Useful tape life

varies considerably because of tape quality, transport design,

environments, tape speed, and operating time requirements.

Magnetic tape life is limited by two basic failure mechanisms.

First are the fatigue type failures resulting from passage of the

tape at high speed over small radius capstans, rollers, or record/
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reproduce heads and the presence of excessive tension in the tape
base material. Secnd are the magnetic recording mediumfailures
resulting from chemical or the_vnal reaction and abrasion produced

by particular contamination.

Three magnetic tape manufacturers were interviewed regarding tape

life. Table 2 identifies the tape manufacturers interviewed,

the type of tape manufactured by each, and the advantages and

disadvantages of each type of tape.

Tape manufacturers are frequently unable to explain why the qual-

ity of tape varies. Two recorder manufacturers have developed

rigid specifications for selecting quality tape. Using these

specifications, only 30% of the tape is acceptable, increasing

tape costs. It is suggested that only instrumentation tapes with

a history of superior performance in spacecraft applications be

employed. NASA/GFSC S-715-P-14 (Reference 6) delineates speci-

f_ctions for selecting and using magnetic tapes.

There is no generally accepted formula to compute either the life

or the reliability of tape. Testing has revealed a wide variance

in tape life between transport designs. Some worse-case transports

with high density, high tension, and low dropped bit rate require-

ments are limited to 500 tape passes. Other machines with low

tension transports, designed specifically for long-life have oper-

ated for more than four years, logged approximately 40,000 cycles

on its tape. Raymond Engineering logged more than 25,000 tape

cycles on a spacecraft recorder during laboratory long-life test-

ing.

Both the Tiros 8 and the Raymond test recorder are classified as

low-speed record/medium-speed playback recorders. The industry

generally believes that the state-of-the-art exists in transport

design capability and tape development to achieve 50,000 tape

cycles.

The solution to the problem of achieving long-life magnetic tape

is lagging behind the development of other recorder problem com-

ponents.

IIT Research Institute is currently investigating the problems

of long life tape under NASA Contract NAS5-21623; a five-year

magnetic tape is being formulated specifically for unattended

satellite tape recorders.
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Table 2 Status of Long-Life Magnetia Tape

Manufacturer (Type Tape) Advantages Disadvantages

3M Company

(Iron oxide coating

bound on Mylar)

Proven tape life of

50,000 tape cycles

with short length of

of tape on low tension

transport.

Quality of tape not con-

sistent;

Binder and Mylar softens

when subjected to tempera-

tures over 50°C, conse-

quently, iron oxide sep-

arates from Mylar;
Not sterilizable.

UoS. Magnetic Tape

Co. (Iron oxide

coating bound on

(Kapton) H-film)

Has an operating

capability in a

temperature range

from -55 to +100°C;

Tensile strength of

H-film predicted to

be i0 times greater

than Mylar.

Reliability and life un-

known; Estimated to be

not sterilizable.

4 to 5 times better than

Mylar.

Lash Laboratories

(Stainless steel)

Sterilizable;

Long tape life.

Requires higher tape ten-

sion and precise head

alignment to maintain

proper head to tape con-

tact° Consequently, head

wear is greatly acceler-
ated.

Lash Laboratories

(Copper film sand-

wiched between co-

balt-nickle plating

and (Kapton)H-film;

name of tape is

Pyrotraek)

Has operating capa-

bility in a tempera-

ture range from -55

to 250°C (steriliz-

able); Life pre-

dicted to be longer
than that of trans-

port due to hardness,

and playability of

tape; Low head wear

due to low tension

operating capability

and use of solid film

polymer or silicon

lubrication.

Life and reliability not

substantiated by testing;

Wrinkling on edges occurs

if tape tension is high;

Average bit drop of ap-

proximately 6 bits/600 ft

of tape; Not recommended

for use in a center pull-

out endless loop recorder.

Lash Laboratories

(Silver lubricated)

Proven at 8,000 passes.

Low tape/head wear due

to smoothness.

Speciality item. Little

actual use history.

Lubricant migration during

long storage periods.
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The major failure modeof magnetic tapes is the formation of nodules
on the tape. These nodules are usually from accumulations of iron
oxide. These irregularities can cause intermittent loss of signal
or bit dropping. A harder surface tape and a smoother magnetic
head can alleviate the iron oxide formations. Also, keep the tem-
perature of the tape below about 50°C. With most Mylar base tapes,
temperatures have to be maintained below 50°C to prevent softening
of the blinder, causing the iron oxide to separate from the Mylar.
A maximumtemperature of 35°C is suggested to provide a safety
factor. High temperatures also cause a softening and loss of
tensile strength of the Mylar base material. This has not proven
to be a difficult constraint on past spacecraft programs because
the thermal control systems were designed to maintain the tem-
peratures below 50°C. However, the Viking sterilization qualifi-
cation requirement is a muchmore stringent constraint than was
previously required. Table 2 identifies the magnetic tape that
can withstand this environment.

The stress levels to which the tape is subjected will ultimately
affect the debris and dropout performance of the overall system.
Measurementsof the stress-strain characteristics of the tape
indicates a region of nonlinearity exists in the region of 8550
psi. The tape should not be stressed to the extent that opera-
tion in this region is encountered. The maximumstress level in
the tape should not exceed about 3000 psi at any point in the
tape path.

Tight winding of the tape pack can produce severe deformation
even at room temperature. Therefore, packing tension must be
low.

The abrasiveness of the tape affects head wear. It is evident
that a tape brand with low abrasive qualities should be chosen,
other parameters being equal. In addition to tape brand selec-
tion, "wearing-in" the tape will reduce head wear. In 1966,
Carroll and Gotham(Reference 5) performed abrasion tests uti-
lizing metal rods, 1/2 inch in diameter of various materials
such as Hy-Mu 80. After passing several thousand feet, the
test rod wear was determined. The results indicated two things:
the first pass is the most abrasive and the abrasivity decreases
with the numberof passes--just as sandpaper wears out with
usage. Data indicates that over fifty passes of the tape over
a simulated head will reduce the abrasivity to a satisfactory
level. Therefore, as recommendedin Section D of this chapter,
tapes intended for long-life missions should be worn-in'for 200
cycles. After the wear-in clean the tape with a commercial
cleaner.
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Spacecraft recorders for the Orbiting Solar Observatory (OSO)ex-
perienced tape problems during qualification testing on two types
of transport designs. The problems were caused by g-loads during
non-operational shock and vibration acceleration tests; viz:

i) Clutchless transports experienced problems with the tape
reeling off the reel.

2) Endless loop transports (not recommendedfor long-life
application) experienced problems with the tape jamming.

These problems were solved by operating the recorders during
periods of high g-loading.

c. Bearings - The long-life problems of bearings in a space

environment are not particularly unique to magnetic tape re-

corders. The problems and solutions are more fully defined and

discussed in Chapters II and IV of Volume III, concerning gyro-

scopes, electric motors, and bearings. This chapter shall only

briefly discuss bearings and their failure mechanisms. The fac-

tors that limit the life of bearings are:

i) Lubrication depletion and deterioration.

2) Excessive contamination.

3) Inadequate quality control selection techniques.

4) Improper transport design.

Lubrication depletion and deterioration is by far the most preva-

lent cause of bearing failure. This is because only very small

amounts of lubricant can be used on recorder bearings; lubri-

cant is limited to prevent contamination of other parts of the

recorder via lubricant migration. When bearings are analyzed

after several months of operation, breakdown products initially

appear as wet grease-life particles, later as crunchy brown

particles, and finally as hard cinder-like particles. This poly-

merization failure mode can be controlled by selecting a stable

lubricant. However, selection of the best lubricant for a long-

life is difficult because there are no hard facts regarding life

test data. (Andoc C is gaining general acceptance.)
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Second to lubricant deterioration and depletion, contamination
causes the most bearing failures. Most failures occur in the
early stages of spacecraft recorder research and development.
Contamination failures have been considerably reduced since most
spacecraft recorder manufacturers modified their cleaning facil-
ities, assembly facilities, and test inspection techniques to be
compatible with spacecraft contamination environment requirements.
Most recorder manufacturers maintain their hardware to a Level C
cleanliness requirement and assembly facilities are maintained at
a Class i00 clean room requirement. Once the units are assembled,
hermetically sealed, and pressurized with a dry gas, contamination
ceases to be a problem as long as the seal is maintained and the
thermal environments are controlled.

d. D_ve Belts - All recorder manufacturers surveyed who employ

drive belts, use endless loop polyester (Mylar) belts in the speed

variation and power transmission of production units. Mylar belts

were originally developed by Light and White (NASA TN D-663, May,

1961). The Mylar belts are made by cutting a "donut" from 0.001-

inch thick bar stock, stretching it on a mandrel, and heat-treat-

ing for stress relief. Leach testing of belts at 24,000 rpm em-

phasized that material selection, forming, and heat-treating

processes play a major part in increasing belt life. Delamina-

tion of the Mylar is the most prevalent cause of belt failure in

long-life applications. Delamination is the result of greater

tension being placed on the outer layers of Mylar than on the

inner layers. Consequently, unilateral belt fatigue starts on

the outer Mylar layers and migrates to the inner layers. Use

large diameter pulleys to increase life. W. Van Keueren and E.

Cuddihy of JPL have recently carried out extensive investigations

concerning belt drives.

The best way to solve the drive belt long-life problem is to cir-

cumvent the problem by not using belt drive. Use direct drive

motors, Utilizing direct drive servo-control!ed motors, transports

with speed ranges of greater than 200:1 are now possible without

"cogging" problems at low speed (Reference i). Hysteresis syn-

chronous motors are used in most present tape recorders. Some

use a brush dc type. The latest trend is to eliminate belts by

employing dc brushless motors with a servo speed control loop;

despite the additional control complexity,this approach is favored

in many quarters. Some of those interviewed preferred the less

complex hysteresis synchronous motorpole (polyphase) even though

drive belts are required; this configuration is acceptable where

there is little speed variation. We suggest the brushless dc

motor where a wide speed range is required. See Chapter II for

a discussion on electric motors, including motors for tape re-

corders.
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D

e. Recorder Case - Recorder enclosure seals caused the highest

percentage of problems during testing of Tiros, Nimbus, Mariner,

and OGO satellite programs. Most of these failures were the re-

sult of quality control problems experienced by one recorder

manufacturer. These failures were due to damages or improperly

installed O-rings, nicks, scratches, or burrs in the casting

sealing surfaces, defective fill valves, and damaged electrical

pins that broke sealing surfaces. This is not considered a re-

corder long-life problem that is beyond the state-of-the-art, but

is a quality control problem that can be corrected.

The state-of-the-art for sealing tape recorders has been proven

on the Titan program where pressure transducers were installed

on 13 satellite tape recorders. On these 13 satellites, more than

140,000 hours have been logged with only two sealed units dropping

below the required pressure. The two dropped below the pressure

requirements after i0,000 and 13,000 hours of flight operation.

No environmental problems are anticipated with sealing if the case

is designed so softwear sealant (O-rings, epoxies, sealing com-

pounds) exposure to the hard vacuum atmosphere is minimized.

Desif_n_

a. Selection Criteria - System design is of paramount importance

if recorder long-life is to be achieved. Table 3 presents the

important design considerations in selecting a recorder. Some

aspects of design have been discussed previously. Further elabo-

ration is contained in this subsection to further clarify some of

the design factors of Table 3.

T_es - Use the lowest permissible tape velocity consistent with

performance requirements. Actually, the goal is to pass as few

feet of tape across the head for a given mission as possible to

reduce tape and head wear. The general consensus was that 1 to 30

ips is normally optimum. Above 30 ips the tape starts to lift

off the head and more tension is required to assure intimate tape-

to-head contact. Although some recorders operate satisfactorily

below 1 ips, the following undesirable characteristics occur:

obvious wear increase, reduced S/N ratio and the flutter percent

is higher.

The head-to-tape pressure (Design Factor 2) should be the ndnimum

consistent with intimate tape-to-head contact. The required head

pressure for a given tape is a function of tape tension on the low

tension side of the head, wrap angle and head radius. Equations

governing the interaction of these factors indicate the following:
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Table 3 Design Factors for the Long-Life Assurance of

Magnetic Tape Recorders

Design Factors Remarks

I. Tape Speeds

2. Head-to-Tape

Pressure

3. Magnetic Head
Materials

4. Tape Transfer

Use the lowest permissible tape speeds consistent with perfor-

mance characteristics such as resolution. Determine which vendor

can provide the necessary recording characteristics at the

lowest tape speed. Select a magnetic tape with the best resolu-

tion characteristic, other parameters being satisfactory; a

high energy tape such as 3M's 971 tape may allow slower tape

speeds.

The design should employ the lowest uniform head-to-tape pressure

consistent with intimate tape-to-head contact. The required head

pressure will increase with tape speed because the tape will "fly"

away from head.

the head material should be one of the newer harder materials

with good resolution and bandwidth. Ferrite heads are preferred.

Consider "alfesil", "alfenol", or "spinalloy".

Use reel-to-reel rather than continuous loop which tends to Jam.

Avoid tape guides to reduce wear. Guides should rub on off

oxide side. The only moving contact (slippage) should be with

the tape recording head. Keep maximum stress level in the tape

below 3000 psi at any point in the tape path. Crown rollers

are superior to edge guided rollers.

5. Tape Material

6. Transport

Complexity

7. Belts

8. Bearings

9. Transport

Alternatives

I0. Input Signal
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The tape selected should be relatively non abrasive to reduce

head wear. See text for selection criteria.

The design should use the minimum number of moving parts. An

isolastic drive system, for example, eliminates about one-half

the working parts. A Newell reel drive is relatively simple.

Designs should avoid their use. Employ direct motor drive with

servo-speed control.

Employ the minimum number possible. The required rpm's should

be low. A lubricant reservoir, or equivalent, should be

incorporated into the design. See Chapter Ii for lubrication

and bearing details.

For unmanned missions of greater than five years duration, the

fluid filled transport is recommended for consideration. See

reference 4 for a design study of a five year spacecraft
tape transport.

A digital input is preferred over an analog input because a

saturation signal can be applied to the tape with a digital input.



i) Tape wrap angle should be minimized;

2) The minimumhead radius consistent with the packing density
of the information being stored should be utilized.

The reel-to-reel recorder is considered a better design to accom-
plish long-life than the endless loop recorder, even though the
reel-to-reel recorder requires more electric control circuitry.
This opinion is based on the fact that the tape on endless loop
recorders requires more lubrication to achieve long-life. It
is also susceptible to jamming or throwing loops. The real-to-
reel recorder tape can achieve a relatively long-life without
lubrication.

As indicated previously, the quality of magnetic tapes can vary
considerably. Hence, tape selection criteria was developed by
IIT Research Institute for NASA/GSFC.The criteria includes ther-
mal stability, lubricant content, resistively, chlorine content,
oxide dispersion and flexibility. The criteria (Reference 6) is
presented below:

l) There should be no evidence of adhesion or oxide crumbling after

a prescribed thermal stability test of tape test specimen at

175°C for five seconds. See the test section (D) for a de-

scription of the test. Lack of thermal stability can allow

softening and deposition of melted or plasticized debris on

the head ;

2) The lubricant contained in the binder should be between 1% and

2% of the total weight of the binder system. The lower limit

of percent lubricant content is necessary to obtain the de-

sired reduction in coefficient of friction, while excessive

quantities are believed to be a factor in weakening the integ-

rity of the binder polymer system and causing transport sllp-

page. The most prevalent lubricant is organo-polysiloxanes;

3) The surface resistivity of the tape should be greater than 0.5
X 10 7 ohms and less than 50 X 10 7 ohms when measured at 30%

RH and 22°C. The surface resistance on the oxide side is

related to the amount of carbon or graphite added to the

binder. Excessive carbon can weaken the binder;

4) Tapes containing chlorine should not be used in applications

where the tape is expected to remain stationary against the

head under tension for long periods of time. Tapes contain-

ing chlorine exhibit increased adhesive interaction with

various head materials;
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5)

6)

The tape noise reproduced at 30 ips from a tape magnetized to

saturation in one direction should be at least 63 db below

the saturated signal at 15 kHz over a i0 kHz total bandwidth.

This dc noise test indicates oxide dispersion, although sensi-

tive to oxide surface finish and mylar thickness variations.

Oxide dispersion can also be evaluated by examining cross-

sections of tape using a transmission electron microscope.

Tapes having a uniform dispersion of the magnetic oxide, i.e.,

without agglomeration, tend to produce less debris with usage;

The tape should have a minimum flexibility. The deflection of

three inches of tape from the horizontal should not be less

than either 30 degrees for a one mil tape or 35 degrees for a

1.5 mil tape ½ inch wide. The more flexible tapes are less

likely to generate debris.

Transports - As indicated in Item 6 of Table 3, design for the

minimum number of moving parts. For example, the Kinelogic Company

designed a transport with an isolastic drive system. The advan-

tages of the system are:

i) Approximately half of the working parts are eliminated.

2) No slippage.

3) No energy dissipation. Little energy required by the take-up

reel. Energy is furnished by the supplied reel.

The disadvantage is that all of the stresses of the drive system
are exerted on one drive belt.

Proper transport design is necessary to achieve low wear/long-life

of heads. This was illustrated by testing of heads of two trans-

ports. One transport design was operated for 5000 hours at 15 ips

with only 0.002-inch gap wear, which is considered near optimum

performance for alumlnum heads. The second transport design was

operated for 200 hours at 15 ips and showed a 0.006-inch head wear.

The extreme difference in head wear between these two transports

was caused by the higher tape tension and the more severe abrasive-

ness of the tape on the latter transport. The head materials were

the same. These tests illustrated the part that proper transport

design plays toward achieving long life of magnetic heads.

The IIT Research Institute has conducted a number of long life

tape recorder studies for both NASA Goddard and industry. Refer-

ence 4, "Design Study of a High Reliability Five Year Spacecraft

Tape Transport" is suggested reading.
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In this study, a trade-off study was performed between five reel-
to-reel transport configurations. The study indicated the reel-
to-reel coplanar configuration with independently motor driven
reels and capstans as the most desirable candidate for a high re-
liability five-year tape transport. A design study and layout of
the winning configuration was then performed by IITRI. The design
study included bearings and lubrication, tape managementsystem,
testing techniques, etc. It should be noted that a parameter '_eight-
ing" approach was used in selecting the winning configuration; not
all those interviewed agreed with the weighting factors.

One of the losing candidates in the IITRI study was a coplanar
Newell reel drive. A Newell transport is being tested by NASA/
MSFC. The Newell principle is a mechanical technique for rolling
tape from the tape roll rather than pulling the tape as conventional
rollers do. This is a relatively simple drive with low power con-
sumption. It was rated low primarily because of lack of proven
applications.

Drive Belts - Avoid the use of belts because of their relatively

limited lives. Most of those interviewed recommended direct-drive

servo-controlled dc motors, either brush or brushless. If belts

cannot be avoided, most tape recorder manufacturers believe that

optimization of belt drive design can extend the life of belts

beyond the current life of 109 cycles. Some of the design aspects

that should be considered are the use of larger pulleys, longer

belts, lower speed drive motors, and other speed reduction devices.

However, most of these changes will result in a weight and volume

inc reas e.

The most optimistic development in extending belt life is the de-

velopment of polyimide (Kapton, H-film). Two recorder manufac-

turers stated that testing on polyimide belts has indicated an

order of magnitude increase in the life over polyester belts. Some

tape recorder manufacturers feel that with an improved transport

design and use of polyimide drive belts, the life of belts can be
extended from 109 to between i010 and i0 II belt cycles.

Bearings and Lubrication - The long-life problems of bearings in

a space environment are not particularly unique to magnetic tape

recorders. Because of spacecraft power limitations, the power

available to the electric drive motors is usually limited, limit-

ing torque margins of safety. Any variations or increase in start-

ing or running torque requirements due to bearing or other problems

could create problems associated with varying tape speeds and

tensions such as flutter.
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Keep the rotational velocity of th e bearing relatively low. High-

speed operation of bearings will accelerate depletion of lubrica-

tion. This is because the heat generated accelerates the evapora-

tion process of the lubricants. This has not been a problem with

recorder bearings in past missions because the high-speed playback

requirements have not been long enough to deplete the oil supply.

However, with longer recording missions more in demand, this will

be a problem if lubrication requirements are not accurately cal-

culated and supplied to compensate for this loss.

Contaminated atmosphere and extreme temperatures will cause bear-

ing failure if not controlled. These environments have not been

a problem with spacecraft recorders for two reasons:

I) The spacecraft recorders are hermetically 6ealed;

2) They have been located in thermal environments that have been

controlled within design operating specifications.

The hermetically sealed enclosure protects the bearings from ex-

ternal contamination, space vacuum outgassing, and lessens the

lubrication evaporation process that is normally accelerated in

a space vacuum.

Another problem noted during vibration-qualification testing is a

condition known as bearing false brinelling or pitting. This is

caused by the bearings being subjected to high vibration, in the

presence of oxygen, while in a non-operational state. The solu-

tion is to operate the recorder while it is exposed to high vibra-

tional environments.

An investigation of the bearing state-of-the-art by Ball Brothers

Research Corporation is somewhat optim_stlc. In 1960, BBRC set

out to achieve long bearing llfe in a vacuum to support the NASA

Orbiting Solar Observatory Program, A theoretical model was devel-

oped by N. M. Fulk using the concept of quantum electrodynamic

interaction to explain surface forces. This model was the basis

for the long-life space vacuum lubrication process known as Vac-

Kote. Vac-Kote is a technology that puts a dielectric between

two surfaces to prevent destructive energy transfer. With this

process, BBRC is now confident of achieving a five-year life in

a vacuum, Fhich is a more severe environment that encountered in

a pressurized tape recorder. A continuous three-year vacuum life

is predicted for a 2500 rpm application. BBRC is confident of a

ten-year bearing life in a sealed tape recorder using some type

of reservoir system.
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Standard design provides lubricant reservoirs to replenish losses

and the reservoir volume is designed to provide lubricant for at

least i0 times longer than the system design life. One such res-

ervoir system, attached to the bearing housing, is composed of a

nylasint matrix impregnated with lubricant. The very low vapor

pressures of the majority of space lubricants also regards lubri-

cation depletion. Chapter II contains a discussion of lubrica-

tion systems.

The fluid-filled type of recorder immerses the tape, heads, motor,

and bearings in lubricant, i.e., a totally enclosed tape trans-

port chamber filled with a compatible lubricant. This eliminates

tape/head contact and ensures a sufficient lubricant supply for

bearings. The tape/head spacing is small, but signal reduction

is experienced. With lower tape speeds, some sort of forced cir-

culation system is required; it could be highly redundant to

improve reliability. The major disadvantage is that the head-tape

separation limits the packing density to about only 2000 bits per

inch. Another possible disadvantage is the fluid is a fluorocarbon

and may have some fluorine in it which is not compatible with

polymer tape. However, life tests have demonstrated 50,000 suc-

cessful tape passes. It is understood that lack of funds have

caused cessation of most fluid filled transport development ef-

forts.

Two companies claim some patents on fluid-filled designs. A fluid-

filled recorder was used on Titan II. This type of design may be

the solution to the 10-year life problem and should be investigated.

Air Bearings - Air bearings should be considered for tape recorders

that operate continuously. Because of the bearing wear that occurs

with many starts and stops, air bearings are not normally employed

for intermittent operation. See Chapter IV on Gyroscopes and Bear-

ings for a discussion on the application of air bearings. Since

many aerospace magnetic tape recorders that are hermetically sealed

use motors at reasonably high rpm and are pressurized with an

inert atmosphere, air bearings would be feasible. The survey

failed to disclose the current use of any air bearings in tape

recorder applications. Loss of the hermetic seal would cause

bearing failure. Also the effects of any lubricant in the tape

could create problems. It is suggested that future tape recorder

studies include determining the feasiblity of air bearings.
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b. Survey Results - Two surveys were conducted. One survey in-

volved general questions concerning the long life assurance of

tape recorders; the consensus of the answers is presented in Table

4. The answers are incorporated in the discussions throughout

the chapter. The second survey determined why specific selected

recorders obtained long lives and high reliabilities. The results

of this survey are summarized in Table 5.

None of the aerospace airborne recorders have been developed for

really long life--five or more years. The OAO ii operating life of

three years was beyond expectations. The OGO 1 was in orbit over

5-1/2 years but recorded for only 3400 hours during this time. The

longer lived satellite recorders have resulted from design evolution

rather than a single long-life advancement effort. This is not to

say analyses and design of long-life tape recorders has not been

conducted. NASA/GSFC, JPL and IITRI, among others, have engaged

in these types of efforts. There is general agreement concerning

many areas of long-life design, test, and process control. These

are presented in the guidelines for long-life assurance and dis-

cussed in this chapter.

Because of the small sample sizes and specific mission usage of

aerospace magnetic tape recorders, it is difficult to draw statis-

tical conclusions. The OAO ii was chosen as one of the specific

recorders because it functioned continuously in space longer than

any other--six days short of three years. It incorporated many

features not considered conducive to long life.

c. Hard, are Life - One of the questions asked during the general

survey (Table 4) was regarding the life of long-life spacecraft

tape recorders. The consensus was that a two-year continuously

operating spacecraft tape recorder is currently possible; the

storage rate capability and bit error rate are within specifica-

tion after two years continuous operation. Most stated that the

state-of-the-art exists to build a low-speed record, medium-speed

playback tape recorder that would operate continuously for f{ve

years. The life of higher speed recorders, naturally, will be

proportionately less, because the higher the speed, the sooner

the wearout point is reached on the life-limiting mechanical parts.

Some believe that recorder life is so tied to the amount of tape

passed that 10-year calendar life can only be obtained by long

periods of inoperation. One source believes strongly that con-

tinuous operation of over i0 years is possible with a fluid-

filled design. If for no other reason, this argument has merit

in that those who disagree with fluid-filled designs believe five

years is about the present limit.
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Table 4 Results of Manufacturers�Users Survey

Magnetic Tape Recorder

Questions Consensus Answer

i. What are the major life Heads, tapes, bearings, belts,

limiting parts? clutches and brakes.

.

.

What is the life of available

aerospace recorders?

What are the expected head
lives?

4. What are the wear characteristics?

.

.

.

Is erasing the tape with

permanent magnetics satisfactory?

Are there any essential failure
mechanism differences between

rotary and linear heads?

Will the more sensitive tapes

allow lower tape speeds?

Two years continuous operation in

space. A five-year life, using slow

speed record (i ips) medium speed

(15 ips) replay, is within the current

state-of-the-art. (However, the re-

cording characteristics of this "slow

speed" machine may not be satisfactory

for some missions.)

A function of transport design, head

material, and feet of tape passed.
Ferrite head life about 3 times that

of aluminum, other parameters equal.

Once a. head starts to deteriorate from

wear, it wears out rapidly. Debris on

head builds up rapidly. Wear is a

function of amount of tape passed,

its abrasiveness, and interface

pressure. Head geometry, such as

wrap angle also affects wear (a small

angle is desirable).

Depends; may need an ac erasure that

is programmed to allow more than one

replay. Digital saturation recording

does not require erasure. Keep away

from ferrite heads that could be-

come permanently magnetized.

No; but because of its complexity

the life and reliability of the

rotary head is less than that of
the conventional head.

Yes; but cannot use with all exist-

ing recorders. High energy tape is
more difficult to erase and more

sensitive to debris, can get a wider

bandwidth. One company has obtained

46,000 bits/inch with the 971

series.
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Table 4 (aonal)

Questions Consensus Answer

8. Would a tape wear-in, prior to

use, have a beneficial effect

such as reducing abrasiveness?

i0.

9. Is Kapton superior to Mylar?

ii.

What problems are involved in

using lubricated tapes?

What is the maximum instrumenta-

tion tape life?

Should drive belts be avoided?

Will fluid filled transports

alleviate many long-life

problems?

Yes; but opinion varied as to the

number of wear-in cycles and the

method of wear-in, Number of recom-

mended cycles varied from I0 to 200.

Some believed tape should be worn-

in against a knife edge; others a
rod or head.

Kapton has superior tensile strength

at elevated temperature than Mylar;

but is more humidity sensitive than

Mylar.

Lubricant on oxide side should be

limited to 2% to prevent binder

breakdown and slippage (jitter).

About 50,000 passes are possible

with a properly designed transport.

Yes; use direct drive.

Yes; but recording density is low

(1,200 bits/inch). Approach needs

additional resources for develop-

ment.
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Slow-speed recording is defined as operating at Iips or less;

medlum-speed recording is operating between 1 and 15 ips; and

high-speed recording is above 15 ips. IITRI does not recommend

operational tape speeds below 1.0 ips because a tendency to stick-

slip at these low speeds. Special missions that used low speed

(Mariner '71) were not long-life missions. (Ref. G. S. L. Benn:

f,lcn,[_mn, Mars Head�Tape Stick Slip Study, IITRI Project E6169,

February 1971.)

The survey revealed that specifications on size, weight, power,

flutter, tape speed, etc., have usually forced design approaches

that have not optimized recorder life. Magnetic tape is consid-

ered to be the pacing llfe-limlting component in the recorder by

most recorder manufacturers. For manned missions, the magnetic

tape would not be the life-limiting component if tape replacement

is allowed. The magnetic tape in a properly designed transport

probably will not need replacement before five years; the earliest

allowable maintenance point permitted by the ground rules of this

study. No data were found on tape calendar life excluding head

wear. Therefore, it is assumed the tape has a life of at least

i0 years excluding tape/head interface wear.

Figure i identifies the tested versus the predicted life (with

state-of-the-art improvement) of the life limiting parts in the

spacecraft tape recorder. The shaded areas in Figure 1 are

based on actual recorder and recorder component test data. The

unshaded areas are the predicted life extension that should be

expected with current technological advancements.

The OAO II tape recorder which functioned from mid 1968 until De-

cember, 1971, has had about 25,000 hours of in-orbit continuous

operation. The OGO i (EGO) recorder has accumulated over 3400

hours of operation during its 5-1/2 years in space (Reference 7).

A number of recorders have operated over five years in space. The

data indicates that building a tape recorder capable of operating

in excess of five years possible, although long-life is not achieved

with regularity.

As indicated in a previous section, REL logged more than 25,000

tape cycles on a spacecraft recorder during laboratory long-life

testing. The general consensus of the general survey was that

technology exists to obtain 50,000 tape cycles with improved tapes

and transport design.
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Tape Recorder

Magnetic Tape

Bearings

Magnetic Head

Drive Belts

1 2 3

Tested:

Predicted:

i

Tested:

Predicted:

Tested:

Predicted:

il

Extra]_olated Test :

Predicted :

Tested:

P_redicted:

Life (year)

4 5 6 7 8 9 i0 Ii 12 13 14 15

I

(Production Model) OAO ii recording for 2 7/8 years.

(With state-of-the-art improvements) 5+ years.

I

25,000 cycles (life estimated at i cycle/90 minutes),

50,000 cycles + with optimum long-life transporter design

(Lubricated tape).

i

26,000 hours in space environment on OAO II

Over ten years in space environment using latest lubricating

techniques and reservoirs.

45,000 hours with 0.006 head wear at 5 ips (lab tests).

135,000 hours with 0.006 head wear at 5 ips by using "Alfesil

pole tips".

108 cycles REL lab test using Mylar belts.

109 cycles using Kapton belts.

Tested

Predicted best estimates

NOTE: Slow-speed record/

medium-speed playback.

Figure I Tested vs Predicted L_fe of Spacecraft Tape Recorders and Parts
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The tape recorder bearings in the OAO-II operated three years be-

fore failing due to depletion (assumed) of lubrication. A bear-

ing life in excess of ten years is predicted for spacecraft re-

corders using some of the latest lubricating techniques such as

film barriers, self-lubricating ball retainer, reservoirs, etc.

Data for the magnetic head (Figure i) were obtained from a West

Coast magnetic head manufacturer.

Drive belt data was derived from testing at REL. Data for the

unshaded areas were based on extrapolated test data and theo-

retical analysis. Belt life is a function of the fatigue and

can be predicted on the basis of combined stresses. Because

belts are stressed by bending around pulleys and in transmitting

torque, fatigue limits can be determined by combining the bend-

ing and the tensional stresses. The belt material will retain

its initial tension if it is not stressed sufficiently to cause

creep.

In a JPL/Kinelogic test program, relationship Between life and

stress ratio was developed. Stress ratio is defined as the maxi-

mum stress, less the minimum stress, divided by the endurance

limit of the belt material. According to these life tests, the

belts must be operated at stress ratios of less than 0.86 to

achieve 109 cycles.

Electronic parts were not considered to be life-limiting problems

if they were maintained at a temperature below 50°C. Outgassing

of some epoxies occurred above 50°C during testing at NASA/Goddard.

If the temperatures cannot be controlled, this problem can be

solved by separating the heat producing electronic equipment from

the transport.

With the exception of enclosure seals, the long-life problems

identified parallels the findings of a NASA/Goddard committee

created to study spacecraft tape recorder failure/problem history.

This history was compiled from tests of 75 tape recorders used on

the Tiros, Nimbus, Mariner, and OGO satellite programs. The per-

centages of the above mentioned problem areas relative to the total

number of failures experienced during the said testing are tabu-

lated.
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Mechanical Percent

Enclosure Seal 20

Magnetic Tape 15

Magnetic Head 12

Bearings 8

Drive Belts 7

Other 13

TOTAL 75

Electrical 25%

No repetitive failure modes were experienced in the electrical

system with the exception of those mentioned above.

The high percentage of enclosure seal failures resulted from

quality control problems experienced by one recorder manufacturer

and are not considered to be a pacing constraint with long-life

spacecraft tape recorders.

d. Application Guidelines and Alternative Approaches - In the

final analysis, the final design of any component must be selected

from among competitive alLernatives via trade-off studies, know-

ing specific mission objectives and constraints. The magnetic

tape recorder is no exception.

For unmanned missions, in-space maintenance and restoration is not

normally possible. Standby redundancy (recorder or buffer) can be

employed if weight constraints permit. Current technology can pro-

duce a recorder for a five-year space mission. For longer space

missions it may be necessary to either go to a recorder with a

fluid-filled transport, or employ redundancy.
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More options are open to the mannedspace missions, especially a
program such as Shuttle where land based maintenance and restora-
tion is periodically available. Someof the options are:

i) Periodically replace a life limited off-the-shelf aerospace
recorder and save development costs of a long-life recorder.

2) Expend resources and develop a long-life recorder and save on
maintenance time.

3) Use standby recorders, or buffer, at the expense of weight and
complexity to backup off-the shelf aerospace recorders.

4)

5)

Replace the magnetic tape periodically and other life limited

components, as required. One approach is the "Utility Modular

Maintenance" concept where the tape, head, bearings and other

life limited components are periodically replaced as a modular

unit as required.

Develop and use a hi-rel, long-life recorder to record critical

functions that must be telemetered (after time compression).

Use an off-the-shelf recorder for non-critical engineering

data that will not be telemetered but retrieved after the

spacecraft returns to earth.

6) Build the data system around the tape recorder, recognizing

the tape recorder is the weakest link. (A suggestion by RCA's

Mr. Ligon.)

JPL is pursuing two ideas for a data storage system which so far

appear to be feasible and workable for some applications:

l) Eliminate multispeed requirements by using a semiconductor or

magnetic buffer for input/output of data and parallel record-

ing on multiple tracks.

2) Simplify transport further by using three electronically

regulated dc motors to maintain low and constant tape tension.

This requires only three low-speed 200 rpm's rotating assem-

blies with no belts.
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Data can be stored and retrieved by meansother than magnetic tape
recorders. The challenge to magnetic recording will comefrom
research on static mass data storage techniques. It remains to be
seen whether advances in this field will eventually displace the
tape recorder from its present dominant position. It is suggested
that a study be conducted to determine the adequacy of these other
means for spacecraft applications. Trade-offs between these means
should be made. In additon to laser recording techniques previously
mentioned (optional/thermal massmemory), magnetic discs, silicon
drum, dynamic MOSRAM's, domainwall technology, magnetic bubble
technology and other data storage/retrieval methods should be con-
sidered in a parametric analysis. Parameters to be considered
(besides mission constraints, life and reliability) include bits
per dollar, access rate, weight, value and maintainability. Also,
the maturity of the alternative to the tape recorder must be
considered; an alternative only in the laboratory phase should
not be considered for present use because of the low probability
of success.

The key to high storage density is the submicron wavelength of
light because the theoretical limit on the closeness of stored
bits to each other is set by the wavelength of the recording en-
ergy. Conventional magnetic recording is limited to relatively
long wavelengths. The length is established by the size of the
gap in the recording head.

Electro-optical technology will permit greater storage densities
than magnetic tape. A trillion-bit memorythe size of a golf
ball is on the way with electro-optics. Storage densities of 1012
bits per square centimeter have been achieved at Radiation, Inc.
RCAhas achieved similar densities with holograms using bismuth
and arsenic trisulfide.

Laser and electron beamdigital recording techniques are being
developed, A laser beamis focused upon a metalized tape and
vaporizes a spot. To read the recorded information, the power of
the laser is reduced at the point where there is a bit and, at
this reduced level, the light is reflected back. Optical method-
ology is available to check that a data bit is actually recorded.
The Precision Instruments laser massmemorysystem can store i0 Iz
bits of data on a 4.75 inch by 31.25 inch long tape.
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Most tape manufacturers include silicon or other material in their
formulation for lubricating the tape-head interface. Other lubri-
cant possibilities that should be investigated in future work is
gaseous lubricants such as CO2 and SF6 and total immersion of
transport in a low viscosity silicone fluid.

Mr. Klechefski, 3MCompany,suggested that tape be stored at 30%
RHand at a temperature less than 32.2°C. Bring the storage en-
vironment up to the service environment over a 24 hour period
prior to use. He also suggested that the tape be stored in an
argon atmosphere to further retard aging degradation. Drive belts
can shrink in storage, and therefore, should be inspected prior
to usage.
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m. TEST METHODOLOGY AND REQUIREMENTS

Since the major failures modes involve mechanical wear, qualifi-

cation tests should emphasize mechanical life verification. If

the recorder service operation is intermittent, the wear mechanisms

can be accelerated by operating the recorder continuously at its

highest normal (replay) tape speed. Increased tape tension can

also accelerate wear. However, operating at tape velocities and

tensions well above that normally employed by the recorder can

provide erroneous wear results. The high tape tensions (say 2000

psi) can generate temperatures and wear disproportionate to the

increased tension. For example, ferrite heads, with their poor

thermal conductivity, could wear disproportionately faster at high

tape tensions. On the other hand, some wear mechanisms are more

severe at low rubbing speeds because at higher velocities, inter-

faces may become separated by aerodynamic forces and thermal dis-

sipation improved from increased mass movement. The foregoing is

true of the head-tape interface and, within limits, bearings.

The fluid filled transport reduces wear by introducing a thin film

of inert fluid between the tape and the head.

For accelerated wear tests, it is suggested that the normal oper-

ating temperature of the head and bearings be determined. The tape

velocity is increased until a head or bearing temperature is ob-

tained that is slightly below that where the material hardness

(wear) characteristics rapidly degrade. Operate at this velocity

until wearout is obtained, providing a wearout life indication in

total number of tape feet past the head or the total number of

bearing revolutions. Tape tension can be also increased to ac-

celerate head wear, but the correlation factor between real-time

and accelerated test conditions will be more difficult to access

than velocity-wear relationships.

If the magnetic tape recorder operation during a mission is not

continuous, the Dynamic Mission Equivalent (DME) may be used to

reduce test time per mission simulation cycle. In general, the

DME approach is:

i) Define mission profile;

2) Subdivide profile into dynamic (non-equilibrium) and static

(equilibrium) portions;

3) Eliminate/reduce static portions where all parameters are

simultaneously quiescent;
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4) Compress the time profile when one or more parameters are

always dynamic (changing) by accelerating the rate of change

in the parameter (but only when component response is not

affected);

5) Re-define the mission profile for test purposes incorporating

items 3) and 4) above.

Reference 8 presents an example of DME application to a Grand Tour

type mission where the test time is reduced by a factor of 663 to i.

This example is part of an accelerated testing study. Volume IV

of this study (NAS9-12359) presents the results of an analysis of

accelerated testing methodology applicable to tape recorders among

other components.

The magnetic tape lends itself to screening and wear-in techniques.

The tape can be screened for acceptable mechanical and electrical

properties using standard techniques. Tape tensile strength and

elongation under load and elevated temperature (50°C maximum for

mylar) can be checked for compliance. Following the mechanical

tests, the tapes can be checked for electrical compliance for dis-

tortion and bit dropout rate, etc. Using rigid specifications

for selecting quality tape, two recorder manufacturers rejected

70% of the tapes.

As described previously, tape should be worn in to reduce abrasive-

ness. Opinions vary as to the number of cycles and the means of

wear-in. One person believed that the wear-in obtained during

Q&A tests was adequate. Two persons believed ten passes were

sufficient, some 200 passes. Some burnish the tape against a

knife edge, while others wear-in the tape against the head with

which the tape will see service. Some believed that wear-in also

reduces data drop-out.

Martin Marietta Aerospace screened 250 magnetic tape reels after

a wear-in against a magnetic head. The wear-in reduced error.

Stability was usually obtained after 5 to i0 passes. They at-

tempted wear-in by dry wipe, ceramic head, burnishing, knife

edges--all these approaches increased the error rate. The only

improvement came from running the tape against its head.
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In view of the diversity of opinion, it is believed that the more
conservative NASA/GFSCguideline in S-715-P-14 should be followed.
A break-in period of 200 passes is advisable. The break-in should
be with the head it will be used with. Observation of a deep
scratch, indicating repeated damageby debris in the samearea
should be cause for replacing the tape and relapping the head.
The head should meet the surface finish requirements at the con-
clusion of the break-in.

The tape should be tested for thermal stability prior to acceptance.
Removea ten inch sample length of tape from subject reel. Avoid
contaminating the oxide surfaces. Fold sample in half, oxide sur-
face to oxide surface. Rub test sample against a 3/8 inch diameter
rod heated to 175°C for five seconds. There should be no evidence
of adhesion or oxide crumbing. See GSFCSpecification S-715-P-14
for details of test and acceptance criteria.

JPL utilizes a durability test. THF is used to clean off the
oxide. The adhesion is considered good if the oxide remains on
25-27 seconds, poor if the oxide remains i0 seconds or less. The
test is operator sensitive.
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E. PROCESS CONTROL REQUIREMENTS

The consensus of opinion was that cleanliness in assembly is

essential. Class i00 clean rooms are suggested. Store parts in

nitrogen filled polyethline bags. One comment was that even a

puff of cigarette smoke can produce data dropouts.

It is important that the gap and appex of the head closely align.

These can be aligned by observing and maximizing the amplitude

of the signal. Misalignment is more critical with the new harder

alloy heads since misalignment cannot be "lapped-in" from passage

of the tape like the softer heads could.

Many of the processes involved in the manufacture of magnetic

tapes is proprietary. Hence in many cases, it is best to specify

and test for required characteristics such as roughness (i - 3

microinches), lubricant, flash temperatures, etc, rather _han

attempt to control processes. Use Reference 6 as a baseline.

Guard against the formation of nodules during manufacturing.

Some users require the reel to be heated (baked at 40=C) prior

to usage to obtain additional shrinkage and dimensional stability;

because of a phase change, the tape shrinks slightly upon heating.

Use of inadequate quality control selection techniques is one

cause of bearing failure. Most of the spacecraft tape recorder

industry has adopted rigid inspection techniques and procedures

for bearing selection because the bearing manufacturers have no

inspection techniques suitable for space applications.

The importance of rigid inspection techniques can be illustrated

by Ball Brothers Research Corporation (BBRC) experience. BBRC

adopted a rigid inspection technique for selecting flight hard-

ware. Rejected components with insignificant flaws are used in

ground equipment that does not have stringent operating require-

ments. Consequently, four failures have occurred in ground

equipment and no failures have occurred in flight hardware which

has had many more operating hours than the ground equipment.

According to BBRC, long-life verification of the treated bearings

is not necessary or practical. Even if several bearings completed

life testing, the small sample size could be statistically ques-

tioned. BBRC's approach to long-life verification is to:
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l) Select the proper bearing for the design using the traditional

standards developed by the Anti-Friction Bearing Manufacturer's

Association;

2) Select a stable lubricant with a 5-year (or longer) life and

prove this by accelerated chemical tests and analyses;

3) Assure that the lubricant will remain on the interface by

short-duration tests and analysis;

4)

5)

Conduct an accelerated life test on a prototype model to prove

compatibility of lubricant, bearing, and application;

In production, employ screening tests and inspections to

eliminate marginal bearinss as received by the bearing manu-
facturer.
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VII. PLUMBINGCOMPONENTSANDTUBING

A. INTRODUCTION

This chapter examines the long-life characteristics of tubing and
fittings. The various tube fittings and sealing techniques avail-
able for high pressure fluid systems are summarized. This study
investigated the activities of aircraft, aerospace, airlines and
the SAEA-6 Committee to identify the new permanently installed
type tube fittings, as well as the presently used and anticipated
tubing materials. The new qualified fittings include manywelded
and swagedJoining methods. Qualification to MIL-F-18280 has been
met by both permanent and reconnectable tubes and fittings.

This chapter covers permanent attached tube fittings which comprise
three joining methods for attaching the fitting sleeve to the tubing
to form a permanent bond. Thesemethods are: (i) multicavity
fluxless induction brazing (can be used on 21-6-9 tubing), (2) weld-

ing (can be used on 21-6-9, AM 350 and 321 stainless steel), and

(3) swaging which can be used with several metallic tube materials.

Separable attached tube fittings are reconnectable and include AN

flared, MS flareless, and various similar designs.

Most of the tubing material and joining techniques advancement has

been developed for aircraft high pressure hydraulic systems. How-

ever, the adaptation to spacecraft, such as Shuttle, is apparent.

The concerns of industry, at the present time, in addition to the

standardization of materials and joining methods, are the agreement

of a common test and design criteria.
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Be GUIDELINES FOR LONG-LIFE ASSURANCE

l,

The service lives of lines and fittings are good for ten years.

Although spacecraft systems have not met this goal, aircraft sys-

tems have satisfied this requirement.

The life limiting failure modes for lines and fittings (listed in

the order of most probable occurrence) are:

i) Leakage of separable or permanent joints;

2) Leakage of plumbing or hose, and;

3) Burst/rupture of separable joints, permanent joints, plumbing,

or hose.

Design Guidelines

i) Maximize the use of permanent type joints. Improper instal-

lation techniques were noted as the major cause for tubing and

fitting service failures. Permanent fittings:

a) Represent a reduced weight when compared to separable

fittings;

b) Reduce system leakage;

c) Automatic programming equipment produces consistent results;

d)

e)

In case of an unacceptable brazed joint, the number of re-

heat cycles shall be limited to three;

In case of an unacceptable welded joint, the number of re-

heat cycles shall be limited to one, and;

f) A list of the advantages of both separable and permanent

fittings are presented in Tables 5 and 6 in the test.

2) Suggestions for separable fittings;

a) Seal problems can be solved by replacing the seal, if

separate seals are employed,
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b) Thread failures can be remedied by:

- Providing for nut replacement capability;

- Assuring the failure occurs in the replaceable nut. The

threaded female flange must be made of harder material,

and;

- Using stub ACME threads, they would reduce thread fail-

ures.

3) Design must require alignment fixtures for tubing. Otherwise

proper alignment of parts cannot be made with the welding head

or the braze fitting, during manufacture when Joining tube ends.

4) Locate plumbing fittings and components so that the joints can
be made in a horizontal axis for installation ease.

5) To avoid elastomer damage within components or fittings, the

temperature gradient of tubing during brazing or welding oper-
ations must be a consideration.

6) Weld fittings shall be machined from plate stock only. Utiliz-

ing plate rather than bar stock will minimize the possibility

of leakage.

7) Weld fluid associated components to next adjoining part rather

than braze. This avoids final acid treatment on tube stubs

after the individual component has been assembled.

8) Limit the use of hose. The use of flexible tubing reduces the

system leakage.

Process Control Guidelines

i) Specify tubing ovality to be 3% maximum. Excessive tube ovality

creates stresses which reduce the service life of the system

tubing.

2) Cleaning process should require that tubes be rinsed with de-

mineralized water and forced dried. Recent problems on the

Skylab program indicated that solvent vapor degreasing resulted

in stains and pitting on stainless steel tubing.

3) Brazing requires cleanliness such as a Code 3 clean area to

affect a good joint.
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.

Test Guidelines

i) It is recommended that testing techniques be developed which

closely simulate actual usage conditions.

2) Failures generated in burst, impulse, or flexure rarely occur

in service.

3) The major portion of field failures are related to:

for suggested solutions.)

a) Tubing/fitting installation;

b) Tubing/fitting fabrication, and;

c) Long lengths of unsupported tubing that fail during vi-

bration.

4) Advanced flexure testing methods developed for tubing/fitting

problems are: (See test for details of methods.)

a) Rotary or planar centilever flexure, and;

b) Planar vibration free-free beam.

Special Considerations

i) Develop qualified in-flight leak repair technology for space

applications.

2) The total length of piping used on the DC-10 is 53% more than

that used on the DC-8. Important trends are evident:

a) 70% of the B-nuts have been eliminated;

b) Brazed or swaged joints are used instead of B-nuts by a

factor of 4 to i;

c) Use of flexible tubing has increased;

d) Use of flexible hose has decreased, and;

e) 97% of "o" ring seals have been eliminated by the use of

metal seals.

(See text
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3) The commercial aircraft panel reported that the five major

problems causing 52% of the aircraft delay were:

a) "B" nuts;

b) Seal replacements;

c) Fittings;

d) Flexible hose, and;

e) Tubing.
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C. LIFE LIMITING PROBLEMS AND SOLUTIONS

l. Failure Mechanism Analysis

Table I presents the Failure Mechanism Analysis (FMA) which lists

the failure modes, mechanisms and solutions for plumbing fittings

and tubing. The long-life problems that result from the failure

modes and their potential solutions are discussed in the following

paragraphs. The three failure modes listed in order of their most

probable occurrence are:

I) Leakage (slow loss of media) from both separable or permanent

joints;

2) Leakage (slow loss of media) from both plumbing or hose, and;

3) Burst/rupture (rapid loss of media) from separable or perman-

ent Joints, or plumbing or hose.

a. Leakage - There has been a tendency by some aircraft/aerospace

builders to change from flared or flareless sleeve designs in an

attempt to avoid some of their shortcomings which are:

i) Seepage/leakage between the sleeve and tube;

2) Torque sensitivity;

3) Excessive insertion length, and;

4) Inability to withstand repeated reconnections.

The airlines and military agencies have been continually concerned

about leakage problems that occured with MS fittings. Demand for

improvement motivated the Air Force and NASA to conduct development

programs for new fittings. Meanwhile, various changes to MS fit-

tings have been introduced as shown in Table 2 (from Reference 1

data). It presents the current aerospace and aircraft tubing and

fitting applications.

The two most common failures of a separable coupling or fitting

are a failure of the seal or threads, which results in excessive

leakage. The seal problem can be remedied by replacing the seal

if separate seals are employed. The thread failure, due to strip-

ping or galling, can be a very serious problem if a backout solu-

tion is not available. A coupling configuration that provides a
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Table 2 Currently Used Aerospace and Aircraft Tubing and Fittings

Vehicle

B52

KC 135

707

727

737

A4

A7

747

C5

Late Model

737

DC i0

L-1011

F-14

F-15

Titan

Viking

Orbiter

Viking

Lander

Skylab

LM

Pressure Line

304 Ann.

304 1/8 h

304 1/8 h

r!

21-6-9

AM 350

21-6-9

T!

T_

3AL-2½V

21-6-9

304 L

304 L

321

347

304

304 L

304

Return Line

6061 T6

6061 T6

N.A,

6061 T6

3AL-2½V

6061 T6

21-6-9

304 L

304 L

321

347

304

304 L

304

Fitting

An Flared

MS Flareless

MS Brazed on Sleeve

MS

Permanent: Brazed

MS Swaged-On Sleeve

Permanent: Welded

MS Swaged-On Sleeve

Permanent: Welded

Reduced Weight

Unions and Nuts

MS Brazed-On Sleeve

Permanent: Brazed,

Swaged

Reconnectable: Dynatube

Permanent: Welds

Reconnectable: Same as

L-1011 Permanent: Shrink

Fittings in Sizes through-8

Brazed -i0 and Over

Reconnectable: Same as

L-1011 Permanent: Swaged

MS Flareless Permanent:

Welded

Brazed

5-8% Reconnectable:, Flared (P)

12-15% Brazed

80% Welded

MS Precision

Permanent: Brazed

Gamah Fittings

Permanent: Brazed
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method for nut replacement in case of thread failure has a major

advantage over the conventional couplings. The design includes

a replaceable nut and split retainer ring for disassembly purposes.

To be assured that the thread failure occurs in the replaceable

nut, the threaded female flange would be made of harder material.

To remove a faulty nut, the nut would be moved back over the male

flange until the split retainer ring is exposed and removed, the

faulty nut will then pass over the male flange for removal. Re-

placement of a spare nut would be the reverse of this procedure.

The stub ACME thread is recommended as one way to reduce thread

failures. It is almost impossible to cross thread and is easy to

start even if not visible to the operator. Another consideration

in fitting design is to have the seal material made of a softer

material than the seal cavities to preclude damage to the welded-

in flanges. Another concept would be to have a backup o-ring as

a redundant seal to the metal seal. The o-ring would be made of

Teflon or other compatible material.

The main reasons for the decreased usage of hoses is their low

reliability. Failure histories reveal hoses are permeable (pin

holes and cracks) to both fluids and gases. Flexible lines are

being introduced in increasing numbers because they are not prone

to leakage. Another appealing feature of flexible tubing is that

it weighs less than hose. For example, titanium tubing, such as

3AL-2.5V weights approximately 70% less than Teflon hose when com-

paring ½ inch sizes and 80% less than Teflon hose when comparing

the 1 inch sizes (Ref. i).

b. Burst/rupture - Failure reports indicate that many operational

problems relate to parameters which are not covered by standard

test methods. Failures, as generated in burst, impulse, or flex-

ure testing, are rarely reported in service.

The following information was extracted from a North American

Rockwell Corporation report By C. W. Halsley (Reference 2).

"i) In a high-performance hydraulic system, plumbing failures are

almost inevitably bending fatigue failures. Impulse fatigue

failures occur occasionally and burst failures almost never.
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"2) Bending fatigue failures occur as a result of two factors;

a) Low-frequency, large-amplitude flexure of the structure
to which the tubing is attached,

b) High-frequency, low-amplitude vibration, which causes

certain portions of the tubing system to resonate, cre-

ating high localized bonding stresses.

"3) Bending fatigue failures occur most frequently at rigid tie-

off points such as bulkhead penetrations, valves, actuators,

etc. They seldom occur in or near midline unions.

"4) The specific location of these bending failures is usually at

(or near) the point where the tubing enters the fitting.

"5) All other things being equal, the lowest volume and lightest

weight plumbing system will be that system which incorporates

tube-fitting Joints which have the highest possible bending
endurance limit stress.

"6) ...A greater portion of the tube routings should have a com-

plete stress analysis. Account should be taken of the dif-

ferential motion of end points and support points as well as

of differential thermal expansion, the sliding friction in

support clamps, and pressure effects."

It can be seen from the foregoing list that a flexural endurance

test is the basic test in any plumbing test program. The impulse

test is a distant second. If a plumbing system is to be evaluated

for minimum weight, the data must be presented in S-N curve form

(stress versus cycles of stress reversals for failure).

c. Martin Data (Titan Problems and Solutions) - All lines and

fittings used on the three hydraulic subsystems of Titan III are

the MS type, chosen for ease of installation and component replace-

ment and control of contamination and leakage. The lines and fit-

tings connect the hydraulic components and carry hydraulic fluid

throughout the system. All lines and fittings are designed to

operate at 3000 psig, at an oil temperature range of -55°C to

+135°C. The transtage has an additional safety margin because of

the reduction of system pressure to 2400 psig and changing the low

temperature requirement to -29°C.

The same materials are being used on Titan III as were used on

Titan II. All the hydraulic lines are stainless steel; sleeves

are cadmium-plated carbon steel; and B-nuts and fittings are

Vll-ll



aluminum. Carbon steel sleeves are used instead of stainless
steel for improved presetting properties. AluminumB-nuts and fit-
tings are used because of the prohibitive weight of stainless
steel. A polyolefin boot is shrunk over all aluminum B-nuts and
fittings, for propellant compatibility. A tool has been designed
for easy removal of the polyolefin boot if a componentreplace-
ment is necessary.

MSfittings and lines have been used since the beginning of the
Titan I program. Twoproblems were encountered during Titan I
usage. First, B-nuts incorrectly heat treated by the vendor were
found to be subject to stress-corrosion cracking in the salt spray
environment at the launch site. Correctly heat-treated B-nuts are
not subject to stress corrosion and, in addition, the polyolefin

boot used in Titan II for propellant compatibility affords protec-

tion against this environment.

The other problem caused a flight failure of Titan I Missile J-2.

Just after liftoff, a hydraulic fitting separated, resulting in

loss of hydraulic pressure and destruction of the missile_ The

fitting was recovered and failure analysis revealed that the sleeve

on the line was not preset properly, allowing the line to pull loose

during a system pressure surge. As a result of this failure, an

intensive study of tubing fabrication and installation was made,

from both a design and a manufacturing standpoint. Reinspection

of existent tubing revealed other tube assemblies out of X-control

and inadequate presetting of sleeves. X-control is a method of

gaging that provides a consistently accurate sealing cavity and

guarantees simultaneous tube bottoming and sleeve contact with the

fitting (Figure i). With X-control, optimum spring loading of the

tubing sleeve occurs when final torque is applied. In production,

the use of X-control eliminates the need for variations in sleeve

setting to accommodate variations in cavity depths and conical seat

angles of fittings.

For better X-control, a new Weatherhead presetting machine was in-

stalled that is capable of producing uniform preset tube assemblies.

New gages were designed and put into effect. In addition, a daily

inspection was established for all tooling and gages. All out-of-

tolerance parts are immediately scrapped and replaced. Pressure

test fittings are also inspected and replaced when necessary on a

similar basis. For control of presetting and assembly, manufac-

turing process sheets were reviewed and revised where necessary
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to establish an exact method for presetting sleeves. An education

program was given to tube fabrication, inspection, and QC personnel

to show how to properly present MS sleeves and check for quality

of the finished assembly. All tubing installations were reviewed

for proper tiedown and clamping.

No repetition of these problems has occurred on Titan II. During

Titan II use, only one tube assembly has been rejected and this

was for leakage.

d. Failure detection method8 - The methods used to detect fittings

failures include: visual; go, no-go gages; dye checks; x-ray;

ultrasonic; system tests prior to flight and system measurements

during flight. The methods used to detect tubing and hose fail-

ures include: visual, x-ray, ground checkout tests, and system

measurements during flight.

e. Solutions - The trend among aircraft and aerospace companies

is toward eliminating reconnectable type fittings and hoses. For

example, a comparison of the McDonnell Douglas DC-8 with the DC-IO

reveals the following trends (Ref. 3):

i)

2)

The length of tubing has increased 53%,

70% of the B'nuts have been eliminated,

3) Brazed or swaged joints are used in favor of B-nuts by a fac-

tor of 4 to i,

4) The use of flexible tubing has increased

5) The use of flexible hose has decreased,

6) 97% of the "o" ring seals have been eliminated by the use of

non-biting metal lip seal.

Design

a. Selection Criteria - This section covers the various fitting

designs and plumbing. Tables 3 and 4 compare several types of

separable and permanent types of fittings. These in-depth tables

cover attachment to the tubing, material, sealing methods, instal-

lation, and performance parameters. An important consideration

not detailed in the table involves the time associated with fit-

ting installation.

Vll-14



Table 3 Comparison of Separable Joints for 3 AI-2.5V Titanium Tube CRef. 5)

Fitting Name

Ravehem

Cryofit

CPV

Min-O-Seal

Flared

Swagelok

S
Resistoflex

Dynatube

S
Harrison

400041

S

1
Attachment I

to "I_Jbe Material

Shrink !NITt and

16A1-4V

Weld

Weight of
Union and

Fitting

Me_tlum

Light
I

(PertTmnent) i

Flaring 6A1-4V

External

swage

Internal

swage

6AI-4V

6AI-4V

i6AI-4V

6AI-4V;

Ise_]

usually

gold
plated

lstainless

oc _ncocel

Weld

Swage

(could be

welded)

Heavy

Medlttrn

Medium

Light

Medium

Cost

Moderate

Moderate

l{igh

Moderate

Moderate

High

High

Moderate

r No.

of

l Partt
i --

2

Type

Integral

metallic

seal at

tube joint

Seal

Replacement Protec - Leak
tlon Paths

Part of Good I
fitting

3 O-Ring New seal

each

' reassembly

Same _me

Flared i Part of

tubing f,:tting

against

cone face

of u_ion

Curved

ferrule

Part of

fllting

Poor 2

Same

Fair

2

I

swaged on I

tube inter-
faces with

internal f
cone on !

union ]

Curved Part of

washer lilting

I type; lip
is part of

!sleeve

Same Same

Hemov-- : New

able , s_.at

static after

face ninny

se_l r o,.q.s-

semblies

! J--

Poor ] 2

Fair i 1

I
i

Tube i CI(

Prep. [ fin

,owl7

ltigh Mo¢

rat,

Low Lo_

Low Low

,

Low 1.,o_

Low Low

I
TCgh--!Mod_

rate
i

Low ;





Installation
Equipment Insertion Inspection Fatigue

Depth Method Cost Life

Tongs, Negligible Visual Low Very good;

Liquid N 2

Automatic Same

tube welder

and gas

Tongs

Flaring

machine

Hand

too!_

Swaging

tools ,

Automatic

tube welder

and gas

t
[

Swaging
tools

Same

Small

amoth'_t

Consider-

able

Negligible

Same

i Small
a mou31t

1
I
!

X-Ray

Visual

Measuring

machine

Unknown

Go/No-Go

gage

X-Ray

Unknown

I I

Medium

Low

Medium

Low

Low

Medium

Low

tubing cracks

Weld fails

early

Very good;
failure in CPV

Fair; varies

considerably;
base of flare

cracks

Unknown

Fair; washer

cracks & swaged

tube falls

Weld fails

Fair; seal
cracks

Comparable Performance

Collapse Burst Corrosion

Characteristics Characteristics Properties

Good Good Good

Weld fails

GoOd

Good

Good

Unknown

Weld fails

Weld fails

Good

Good

Good

Good

Weld fails

GoOd

Good

Good

Good

Uncheckable
voids

Uneheckable

voids

Good

Unknown on

seal mater-

ial

Unknown

Field

Repair

Simple;

need N 2

storage

Poor; need

weld equip-

ment & gas

Sim ple;

need N 2
storage

Poor; need

good flaring
machine

sire ple;
need hand

tools

Simple;

need swag-
Ing tools

Poor; need

welding equip-

ment & gas

Simple; need

swaging tools

Vll-15 and Vll-16





Table 4 Comparison of Permanent Joints for 3 A1-2.5V Titanium Tube (Ref. 5)

Fitting

Deutseh

Butt Weld

Aeroquip
Braze _ X_

GENERAL INFORMATION

Material

Ni Ti

Commercially
pure titanium
AMS-4921

Annealed
3A1-2.5V
titanium

Annealed
6A1-4V

titanium plus
braze alloy:
48Z-48Ti-4Be

Profile Coss

Low, Mod
smooth erat

Low, Low
slight
ridges

None _one

Low, [od-
smooth rate

Wt-1/2 in. Tu[
(lb) Pre

0. 036 Low

0. 038 Low

0 [igh

O. 018 igh

Equipment
Required

Tongs

Hydraldic
swage
tools

Automatic
tube

welding
equipment,
gas

Automatic
tube
welding
equipment,
gas





INSTALLATION

l Max [

Clean- t Tube]

liness I Gap I

_ t_(in" ) t

Low 0.06 /

Low

Mod- 0

crate

0°

O. 35

Align-
m ent

Not

critical

Not

critical

Critical

Critical

I

Inspection Cost

Visual Low

check

of tube

end

J

Go/No-Go Low

gage

X- ray, Mod-

dyecheck crate

X-ray, lligh
ultrasonic

Fatigue
Life

Very

good

Quest-
tionable

Poor

Fair

Burst

Good

Good

Poor

3ood

PERFORMANCE

Corrosion
Est.

Collapse

Good Good

Stress Good

corrosion

suscep-
tible

Good Poor

Unlmown Good

on braze

alloy; good
on 6-4

r

Est.

Tensile

Fair

Fair

Good

Fair

Field

Repair

Simple; need

liquid N 2
storage,
hand tool

Simple; need

hand/

hydraulic

tools

Poor; need

welding

equipment,

gas

Very poor;
need

cleanliness,

braze equip-

ment, gas
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Analysis (Reference 4) of the time to assemble and inspect sundry

Joints were estimated to be:

T_ Time (Minutes)

Mechanical 15.15

Welded 41.72

Brazed 5.22

Swaged 2.0

The trend in fluid and gas systems is to use as many permanent

joints as possible. Special manufacturing methods are provided

by assembly of components and tubing into clusters on the bench

prior to vehicle installation.

7J Separable fitti_s - In the analysis of fittings, if it is

necessary to have in-fllght maintenance capabilities, the system

must have separable mechanical fittings. Separable fittings are

required even though they have disadvantages of greater weight and

have a greater potential for leakage than brazed, swaged, or weld-

ed Joints. Each of these couplings consist of a threaded flange,

a nut, a flange and seal as shown in Figure 2. This is a Gamah

fitting. The tube is swaged to the fitting, a reusable metal seal

is used and ACME threads are used for this design. The primary

difference in the various separable joints is the seal configura-

tion. Other design variations include: stub ACME thread, rather

than the straight thread, and seals.

Reference 6 indicates that unskilled personnel can easily make a

joint that will meet a i0-_ atm cc/sec leakage rate. And more

emphasis should be placed on the accessibility to the fitting,

the case of assembly/disassembly of the fitting and repeated high

reliability with each assembly.

Table 5 presents the desirable features of separable fittings.

2) Permanent fitting8 - There are basically three different join-

ing methods used for attaching fitting sleeves to tubing in affec-

ting a permanent attachment of tubing (these methods are also used

for sleeve attachment to tubing on the separable joints). The

joining methods are: (i) brazing, (2) swaging, and (3) welding.

These fittings are used in system locations where routine discon-

nections of the plumbing are not required or planned.
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Table 5 Applications and Advantages of Separable (or Reconnectable_ Fittings

ZQ

2.

Are necessary for replacement or field repair of failed components.

Desirable features of current separable fitting designs are:

i) Seals (soft or Metal) where fitting efficiency increases with higher

pressures;

2) Significantly lighter than flared, modified flared, and flareless

fittings;

3) Stronger structurally than AN and MS fittings;

4) Requires a small installation envelope;

5) An anti-creep capability, which maintains leak-proofness through full

temperature range under all conditions of thermal cycling;

6) A minimum tube shoulder protrusion into the connector or flat butting.

This facilitates installation of plumbing, particularly short runs and

straight lengths;

7) Because the stress on sealing surfaces is controlled by the dimensions

built in at the factory, the fitting designs are less torque sensitive.

8) Those which do not require a fine machine finish on the sealing surface

(up to 250 rms) have been sealed successfully;

9) Anti-creep design which doubles as a self-locking device. This is due

to high torque resistant structural design and materials;

lO) Contoured sealing surfaces that contribute to the protective character =

istic of fitting design. In addition, hardened high strength steel

construction affords further protection;

ii) Capable of repeated sealing integrity after numerous assembly and dis-

assembly operations in zero gravity;

12) Foolproof in assembly. It can be easily repaired or replaced in zero

gravity;

13) Those designs which eliminate or reduce failure modes.
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Martin Marietta uses a induction brazing process which is a modi-
fied Aeroquip Corporation process with automatic temperature con-
trol (ATC). The ATCcontrols and records the brazing temperature
and time cycle while monitoring the temperature of the joints being
brazed with a photoelectric cell built into the ATCbrazing tools.
Brazing techniques include strict cleanliness requirements. The
heat affected zone extends beyond the fitting envelope, reducing
tube strength (Ref. 7). The desirable characteristics of perma-
nent brazed fittings are presented in Table 6.

An Astro-Arc automatic welding process joings tubular membersto-
gether by gas tungsten-arc (GTA)welding. This process is an in-
ert gas shielded, metal-arc method using a non-consumable tungsten
electrode. The inert gas is argon. The weld is accomplished by
fusing material with a tungsten arc without adding filler wire
(Ref. 8). The desirable features of permanentwelded fittings are
presented in Table 6.

There are two types of swagedfittings; one concept uses a fitting
which is expandedat low temperatures and shrinks on the tubing,
the other concept mechanically swagesthe fitting onto the tubing.
Becauseof the desirable features of these fittings (presented in
Table 6), an important application is the fitting and tubing com-
mercial aircraft repair capability.

3) Plumbing and hose - The first major change in hydraulic tubing

material in twenty years has taken place with the usage of Armco

21Cr-6Ni-gMn to replace AISI 304 on the new generation commercial

aircraft. The 21-6-9 tubing is preferred over AM 350 because of

factory preference, shop capability, and useability with standard

flareless sleeves (Reference i). Titanium tubing, because of its

high strength-to-weight ratio is desirable for aircraft and aero-

space applications; but it does have a stress corrosion problem.

Because of the increasing importance of weight consideration, ti-

tanium tubing is now considered the tubing of the future. Table 2

presents the current tubing and fitting applications. Because of

their poor failure history the hose usage in commercial aircraft

has been reduced drastically, as noted earlier. Flexible tubing

is used in place of hoses.

b. Results of survey - Table 7 presents the results of the survey

of part users for plumbing components and tubing. Comments from

the survey are mentioned throughout the study.
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Table 6 Applications and Advantages of Permanent Fittings

A. Brazed

i) Multiple-cavlty bench production tooling permits brazing of i0 joints at

a time for an average of 12 seconds per braze;

2) The multiple-cavity tool and the portable-powered hand tool make use of

the PRODUCTION-BRAZED fittings competitive in cost with mechanically-

jointed types;

3) Visual inspection of the fillet indicates that the joint is perfect,

x-raylng of production joints can be reduced to sampling only;

4) Brazed fittings have reduced fitting weight, 27% to 40% on aircraft

systems;

5) Brazed fittings can be assembled in place in the vehicle, with pliers

type hand tools or on the bench with multiple cavity tools;

6) Meets all the applicable requirements of MIL'F-18280B;

7) Guaranteed burst strength of 16,000 psi.

B. Welded

i) Equipment is relatively inexpensive;

2) Automatic programming equipment produces consistent results;

3) Fabrication on the structure is realistic;

4) Special cleanliness requirements are not required;

5) Weld integrity can be determined by non-destructive tests (radiographic,

ultrasonic);

6) Weld repair can be made in most cases by a second pass over the original

weld;

7) Industry confidence in tube welding has reached maturity.

C. Swa__

i) Reduced weight and size over AN/MS fittings;

2) No special cleanliness requirements;
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Table 6 (corteZ)

3)

4)

5)

6)

No x-rays are required. The integrity of the joint is checked with a

simple "Go"/"No GO" inspection gage'

The fitting is mechanically swaged to the tube. No compensation in

wall thickness is required from annealing of the tubing and fitting;

No annealing such as in welding or brazing;

Dissimilar fitting and tube materials can be Joined. Stainless steel

fittings on titanium tube are acceptable. Identical tooling is used

and swage tooling is simple.
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c. Alternate approaches - Recommendations for development of

long-life components and research into state-of-the-art advances

for long-life assurance include:

i) Maximize the use of permanent joints;

2) Maximize the use of titanium tubing;

3) Develop standard separable (reconnectable) fittings to re-

place the current MS and AN fittings;

4) Develop tests which duplicate service reports and problems;

5) Obtain industry agreement on common test and design criteria.

d. Hardware Zife - Although long-life capabilities of tubing and

fittings have not been demonstrated by spacecraft, these components

have proven 10-year life minimums on commercial aircraft and Titan

missiles.

e. AppZication guidelines - Although fittings are not interchange-

able, different types are used in the same system.

Maintainability is accomplished by:

i) Using coupling replacements with long flanges;

2) Coupling with replaceable nuts;

3) Splices with weld-braze repair sleeve;

4) Leak repair kit.

Reference 9 describes a program which examined many different

sealing techniques. The program conducted tests during the re-

pair of leaks in tubes, fittings, and other components. The ef-

fort was directed towards a technique that was applicable for

spacecraft use. Many sealing techniques were dropped from con-

sideration because of obvious disadvantages. Tests were conducted

on the remaining candidate techniques, and a comprehensive series

of tests were conducted for the most promising method.
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It was concluded that the simplest and most adaptable method of
sealing leaks was a process using anaerobic adhesive followed by
overwraps of tape using the following procedure:

I) Apply a primer to the metal surface;

2) Apply anaerobic adhesive to the leak area;

3) Wrap the area with self-vulcanizing silicone tape;

4) Overwrapwith pressure sensitive teflon tape;

5) Allow the adhesive to cure prior to resuming system operation.

The above method is simple, can be accomplished by an inexperienced
person, requires no special tools, and can Be performed in less
than five minutes. The only constraint is that the system must
be shut downand depressurized prior to sealing the leak. For most
systems, this is normally considered to be a standard operating
procedure anyway.

It is recommendedthat further development be performed on leak
repair technology capabilities in space.

VII-31



D. TEST METHODOLOGY AND REQUIREMENTS

_L

Qualification testing of plumbing components and tubing include:

Vibration, pressure, tensile, collapse, flexure, and corrosion

testing. Accelerated and life test data are determined by S/N

fatigue life characteristics as described below.

It is recommended that testing techniques be developed which closely

simulate actual usage conditions, such as those listed below. SAE

committees have closely monitored advanced testing for the last

few years.

Service reports indicate that many failures relate to areas which

are not covered by standard testing. For example, failure modes

in burst, impulse, or flexure modes are very rare in service; in-

stead, the major portion of reported incidents are related directly

or indirectly to tubing installation, tubing fabrication, and line

supports.

Reports and observations of this nature led to a new approach of

combined environmental evaluation testing on complete systems or

subsystems. This approach emphasizes the complete systems exposure

to operational environments. It was developed to assess the valid-

ity and justification of presently used qualification performance,
and environmental tests. Another reason was to develop basic cri-

teria and advanced test techniques because of the introduction of

new materials, components and advanced installation technology.

The need for clarification of flexure test requirements in MIL-F-

18280 has led to the development of the proposed new recommended

Practice ARP 1185 (Reference i0), Flexure Testing of Hydraulic

Tubing, Joints and Fittings. Advanced flexure testing methods

described in ARP 1185 (planar or rotary cantilever bending, or

planar free-free beam method) are summarized below:

i) Rotary or Planar Cantilever Flexure:

This test is intended for conducting flexure tests of new and/

or existing tubing materials, fittings and Joints. A constant

mean stress is applied by holding system pressure in the test

specimens. Typical Tube-Joint Test Methods are shown in

Figure 3.

2) Planar Vibration Free-Free Beam:

This test is used to establish the relative flexure fatigue

strength of new tubing materials and fitting Joints.

VII-32



¢1
I_ 0

[ '
"1

I.

i

0

o

,-.-t

o

,H

r_
o

_N

ul _-t
Ill I

E'_ _"_
I

q._

_5

I

"o

t_

Vli-33



Since these components do not have moving parts, burn-in or wear-in

tests are not performed. However, pressure tests are used to ver-

ify integrity of tubing and fittings in the system.
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No PROCESS CONTROL REQUIREMENTS

Preparation for brazing and welding operations include removal of

burrs and sharp edges (internal and external .005" max). The wall

thickness tolerance shall be ±10%. Accomplish brazing in a Code
3 clean room.

In case of an unacceptable brazed joint, the number of Joint re-

heat cycles shall be limited to 3 times to affect a good joint.

In case of an unacceptable weld joint, the repair procedure shall
include:

i) Only one re-weld attempt;

2) Cut out the weld beadj insert a repair sleeve and re-weld in

two places;

3) Use of longer weld inserts or brazing is permitted.

Torque schedules are necessary for separable fittings. Require

Teflon seal changes after approximately 50 reassembly times. Metal

seals require a change after approximately 3 to 12 reassembly

cycles.

Excessive tube ovality reduces the service life of system tubing.

It is recommended that the tubing specification limit ovality to
3% maximum.

Stains and pits have been found on the internal surfaces of stain-

less steel tubing on the Skylab program (Alert Number MSFC-71-20).

The corrosion is generally located in the center of the tube making

visual inspection difficult. Pits up to .007 inches deep have
been reported. It was determined that this condition was caused

by inadequate control of pickling, rinsing and/or drying proce-

dures at the tube manufacturers.

Solvent vapor degreasing does not appear to adequately clean the

internal surfaces of small diameter tubing since heat transfer to

the external surfaces allows no condensation of the solvent inter-

nally. The following procedures which are recommended for future

programs have been instituted to detect and solve the problem on

Skylab:

i) One hundred percent borescope visual inspection has been set

up for receiving inspection;

2) Future orders for tubing will require that tubes be rinsed with

demineralized water and forced dried immediately after rinsing.
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DesiKn Constraints

The design strengths of separable and permanent joints were pre-

sented in Tables 5 and 6. System leakage can be minimized by the

use of fewer separable Joints. Welded joints have represented a

mature design. A brazing drawback is the cleanliness required in

affecting a good joint. Swaged Joints and titanium tubing will

have increased usage.
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VIII. CHECKVALVES

A. INTRODUCTION

Check valves allow flow in one direction and, if the system pres-
sure reverses, close quickly to stop flow in the opposite direc-
tion. Checkvalves are self-contained devices, requiring no ex-
ternal actuation signals or sources of power. The valving elements
are activated by the pressure forces of the flow media. Check
valves are spring loaded and are the simplest of valve types. The
types of check valves include the ball, cone, poppet, swing, and
flapper. Since check valves have no external actuators, they often
lack sufficient seating force to accomplish a good seal. Check
valve designs are a compromisebetween good sealing and low pres-
sure drops, and minimumcracking pressure.

Figure 1 shows a typical poppet check valve. The O-ring in this
valve cushions the closure of the metal seats. The industry sur-
vey revealed that these valves are used in commercial cleaned sys-
tems without problems, as the poppet design is tapered to make it
self-cleaning. Martin Marietta Aerospacehas used this type of
check valve in Titan systems without any known contamination
problems. During contamination testing at Martin, the O-ring
was removedfrom a check valve to evaluate contamination sensi-
tivity. The valve operated satisfactorily in spite of the miss-
ing O-ring.

Another type of check valve is one in which the valve closure
elements and sealing surfaces are madeof an integral piece of
rubber. Figure 2 shows a rubber type check valve. This config-
uration is designed to take advantage of the elastic properties
of rubber. The seat has a series of holes, arranged in a circle,
completely covered by the rubber valve. As pressure is applied in
the flow direction the rubber valve element is forced away from
the seat allowing the mediumto pass through the holes in the
valve seat. Pressure applied in the reverse direction forces the
rubber element against the valve seat and checks the flow by cover-
ing the holes. A complete rubber valving element is used for low
pressures. A metal back-up plate is used for high pressure appli-
cations to prevent the rubber valving element from extruding or
tearing awayif a high pressure transient occurs in the flow
direction. This check valve is used in both a i000 psig oxygen
gas system and fluid systems on the Apollo program.
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Figure I Check Valve
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Figure 2 Check Valve
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The valving element for this check valve is EPRrubber. The mini-
mumconservative age life as shownon the Apollo program (reference
i) is ten years. The maximumestimated life under average exposure
conditions is twenty years.

Two adverse features of this valve configuration have been iden-
tified: (i) The design is susceptible to contamination. However,
in all the applications to date, a system filter has been located
upstream of the check valve and has adequately protected the valve
from contaminants; (2) The rubber element tends to flutter (chat-
ter) at extremely low flow rates. In all cases, however, the flow
rates were well below the system performance limits.

Swing and flapper check valve configurations are very similar.
The swing valve uses a single circular valving mechanismin con-
trast to the two semicircular discs or flappers utilized in the
flapper valve (Figure 3). The flapper valve is used primarily
in pneumatic systems because it permits a minimumpressure drop
within a given operation envelope. The flapper configuration is
more desirable than the swing for long-life application because
the lower travel of the flapper from the open to closed position
produces less water hammer.

B, GUIDELINES FOR LONG-LIFE ASSURANCE

Check valve service lives of i0 years without maintenance are achiev-

able. The check valve cycle life ranges from 250,000 cycles for

use in high pressure systems to 500,000 cycles for use in low

pressure systems. The current state-of-the-art check valves are

satisfactory for programs requiring long service life, such as

the Shuttle program. However, cycle life may be a problem for

the 500 mission goal of the Shuttle. Preliminary analysis shows

qualification life requirements of order .5 - 1.0 x 106 cycles.

Internal check valve leakage due to contamination was the main

life-limiting failure mode identified from the survey of manu-

facturers and users. Listed in the order of most probable occur-

rence, the failure modes are:

i) Internal leakage, caused by valve failing to close or stuck

open, seat leakage or chattering of the poppet;
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2) Poppet fails to open;

3) External Leakage around the static seals and through the valve

body.

Desisn Guidelines:

i) Design large flow paths (areas) through poppet check valves

and main sealing surfaces to reduce flow velocities and ero-

sion of seats.

2) Configure valve housings (as far as possible) to eliminate

areas that can entrap contaminants. Use a "swept by" design

where flow will tend to pass contaminants through the valve.

3) Insure that materials are compatible with the working fluid

including maximum expected fluid impurities. The evaluation

must consider dynamic as well as static applications and must

consider temperature, pressure, and phase variations of the

fluid.

4) Minimize valve induced contamination:

a) Material selection should consider the effect of wear

particle size on useful life. Particle sizes vary as the

Young's Modulus divided by the square of the compressive

yield stress.

b) Use rolled threads in preference to machined threads to

minimize burrs and achieve higher strength.

c) Minimize dead-end passages and capillary size passages.

5) Leaks due to contamination are minimized if the seat load is

sufficient to plastically yield a trapped contaminant particle

on the sealing surface. System contaminants must be iden-

tified to determine particle size and material properties.

6) Avoid sliding parts; they not only induce contamination, but

entrap contamination.

7) Develop valving elements with quick opening areas to pre-

clude chattering, instability and high seat velocities.
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8)

9)

10)

ll)

12)

13)

14)

15)

16)

Do not use ball check valves as they tend to chatter, particu-

larly on rapid closure of the valve element.

Spherical or tapered poppets are recommended. These poppets

are self-aligning, but require precise alignment of the valve

seat and the poppet assembly.

Insure guiding of poppet onto valve seat to allow for maximum

alignment and eccentricity tolerance (i.e., use a large length/

diameter bearing surface to guide ratio - minimum 2:1).

Justify not employing elastomer seats. Low leakage rate re-

quirements (less than 5 scc/hr) can be most easily met by

elastomer seats. Since low seat stresses are desirable for

long life, high safety factors should be used in conjunction

with high seat loads. Control the undesirable creep or cold

flow characteristics of Teflon seats by:

a) Containment of Teflon seats on three sides;

b) Heat stabilization techniques;

c) Low stress levels.

Avoid Teflon seals for high pressure oxygen system applica-

tions to preclude flammability hazards.

Seat stress of plastic seats must be held well below material

yield stress for long-life storage to prevent excessive de-

formation. Stress in elastomeric seals are generally not
critical.

Wear is minimized by making the hard seat in the housing wider

than the plastic seal of the poppet or conversely by making

the metal sealing surface of the poppet wider than the plastic
seat.

Smooth surface finishes are superior for long life; there-

fore, it is recommended a finish of 16 - 32 rms be used.

Lipseals supported with a back-up ring to resist undesirable

influences of pressure loading are superior to designs with-

out this provision. It is recommended that lipseals guiding

piston rods or poppets use backup sealing rings in addition

to the main lipseal.
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17) Avoid plastically deformed soft metals. This configuration

has excellent sealing characteristics, but exhibits low life.

18) Do not use large flat plastic poppet sealing interfaces. They

are not compatible with long-life due to high impact wear

characteristics and misalignment.

19) Provide positive stops at the end of travel to minimize transi-

ent stresses due to poppet travel.

20) Seal retention methods shall prevent seal distortion, creep

or dislodgement.

21) The inherently larger leakage rates of hard on hard seat con-

figurations can be minimized by lapping poppet and seat to

obtain better seat finishes.

22) Reduce life due to vibration sensitivity is minimized by

decreasing available clearances in bearings and guides,

avoiding large overhung moments, and restraining lateral

motion of poppets.

23) Provide external fittings to permit drain, flush and purge

after exposure to propellants.

24) Control stress corrosion by avoiding stress corrosion sus-

ceptible materials and/or design parts to operate at low

stress levels.

25) Attempt to eliminate dynamic seals, They are subject to wear

and cause unpredictable drag.

26) Control external check valve leakage by:

a) Requiring welded valve body construction;

b) Require vacuum melt bar stock;

c) Impregnate valve casting with sealant.

Process and Control Guidelines

i) Ultrasonically clean valve parts; assemble in specified level-

clean areas; and govern by a single contamination control

specification during test. This same control specification

should also govern the test fluid media used.
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2) Use a fabrication barrier (bag) to protect clean parts. Con-

sider using nylon or polyethylene to prevent creation of con-

tamination due to chaffing of the barrier by the parts.

3) Vendor controls shall guarantee that the valve contamination

particle size and count will not exceed specified limits.

Documentation is required.

Test Guidelines

l) Conduct contamination susceptibility tests during development

to determine the level of contaminant that the valve can tol-

erate.

2)

3)

To verify valve operation conduct 50 to I00 run-in cycles.

Do not rapid cycle valves designed for fluid applications for

functional verification in a dry condition because the lack of

fluid damping can increase seat stress and reduce life.

4) Consider techniques to stabilize cold flow. Initial analysis

of an accelerated test for Teflon valve seat poppet assemblies

indicate that if the assembly is subjected to normal design

loads and 150°C temperature for 14 days, then the assembly

would not experience any more appreciable cold flow in a ten

year period.

5) Conduct life cycle endurance tests under operational condi-

tions. For long-life applications, the valve cycle life

parameter must be known.

Applications Guidelines

i) A solution to long-life and reliability problems is the appli-

cation of check valves into redundant configurations. Examples:

Several companies have developed either a series parallel check

valve (quad valve) with integral filters or a series type check
valve with double seats.

2) Install valves into functional groups within systems using

permanent connections, such as welded or brazed connections

to avoid contamination and to prevent leakage. This type of

installation would allow a group of valves to be replaced in
event of a malfunction.

3) Check valves cannot normally be repaired by inflight mainte-

nance procedures.
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C, LIFE LIMITING PROBLEMS AND SOLUTIONS

i. Failure Mechanism Analysis (FMA)

This analysis is summarized in Table i.

a. Faille Modes - The check valve component failure modes are

discussed below in the most probable order of frequency.

i) Inte_al Leakage - The failure mechanisms contributing to in-

ternal leakage are poppet failing to close, seat damage, and in-

stability or chattering of the valve poppet. The most prevalent

failure mechanism noted in the survey of manufacturers and users

was the valve failing open due to contamination between the poppet

stem and the valve body. The effect of this failure is internal

leakage past the valve seat. Contamination may be contained in

the system medium, may be generated by other components in the

system, or may be generated by the component. In addition, con-

tamination may be induced into the valve by the manufacturing

processes. Chattering, or uncontrolled cyclic action of the valv-

ing element, can be described as the hammering of the poppet

against the seat at high frequency. This phenomenon causes pit-

ting, wear and abrasion.

2) Poppet Fa_Is to Open - Contamination is the most prevalent
cause of this failure mode.

3) External Leakage - External leakage can occur due to leak

paths through static seals or valve body porosity.

b. Failure Mode Detection - Check valve malfunctions are inher-

entry dSfficult to detect since the valves are completely encased

and are operated by internal system demand rather than external
stimulus. Malfunctlon detection is generally dependent upon

subsystem performance evaluation and fault isolation. Built in

Test Equipment (BITE) can be incorporated in the valve for com-

ponent functional verification tests prior to flight. A method
to check out redundant check valves, by the use of test ports is

shown in Figure 4. This is a time consuming task and is limited

to ground operations.
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c. Solutions - Increased reliability can be accomplished by the

application of check valves into redundant configurations. APCO

and Parker have developed a series parallel check valve for the

Apollo program. The Parker design (Figure 4) is used in the main

pressurization lines for both the N20 q and UDMH-Hydrazine tanks

in the ascent and descent stages of the LM. The quad check valve

is used to prevent back flow of helium and/or propellant in the

helium pressurization system. Long-life features of the valve

unit are:

i) All external features are welded.

2)

3)

No metal-to-metal moving parts in the unit; the poppet is

guided by a Teflon bearing on stainless steel.

Teflon and Corrosion Resistant Steel (CRES) to eliminate com-

patibility problems.

Another Parker check valve design is used in the Apollo super-

critical hydrogen and oxygen gas storage systems. This check

valve (Figure 5) has double seats. At low flows the auxiliary

seat is barely open and can catch contamination (if present);

the main seat is wide open and protected from contaminants.

The Skylab environmental control system uses two check valves in

series in the 02 service to prevent mixture with N 2 gases.

Desi_

a. Selection Criteria - Functional elements in check valves in-

clude moving parts, such as springs, seatp and poppet. These

moving parts are subject to wear after repetitive open and close

actions, thus limiting the operational life of the part. Design

considerations for long life assurance are identified in Table 2.

The number of cycles for a given application can be reduced by

increasing the valving element spring force to dampen the oscilla-

tions. However, the upper value of the spring force is limited

by specification of maximum cracking pressure.
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Figure 5 Do_b le Seated Check Valve
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Tab le 2 Design Considerations for Long-Life Assurance

Part/Component: Check Valves

Design Considerations Discussion

Clearance Between

Sliding Parts
Contamination lodged between close fitting parts in the

valving mechanism can cause sticking or cocking. Elimi-

nate areas that can entrap contamination from the valve

design. Provide a length/diameter guide ratio greater

than 2:1 for guiding the poppet on the valve seat.

Select proper lubricant and materials for sliding sur-
faces.

Poppet Force Margins

(open and closed)

Seat Configuration '

Dynamic Seals

Static Seals

Conservative force margins are necessary to provide

sufficient seating force to accomplish a good seal and

low pressure drops.

Flow around the valve seat may cause turbulence and

high pressure drop. Avoid the use of ball check valve

due to their tendency to chatter. Resilient seat

materials are more tolerant of contamination than metal

seals. Seal designs, which contain the seal on three

sides to prevent cold flow of plastic seats, are re-

commended. Check valve differential forces must be

considered in the design of valve closure and seals to

prevent fracture of closure and extrusion of soft seals.

Dynamic seals are subject to wear, unpredictable drag,
and should be avoided.

Brazed or welded joints are preferred to captive types

of seals for valve construction. Also, permanent mech-

anical joints, such as brazed, welded or swaged, are

preferred to separable mechanical joints.

Materials Compatibility Avoid plating of internal valve parts subject to stress-

es which may result in flaking, or which may scrape

easily. Avoid the use of Teflon in high pressure oxygen

systems or in applications where two to five percent

creep, or swell, cannot be tolerated.
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The industrial survey consensus revealed that better contamina-
tion control, containment of seals, and the careful guiding of
the poppet on the valve seal would enhance valve life. The
manufacturers listed contamination of flow media as the main
cause for valve failure. Therefore, it is desirable to incorpo-
rate design features which minimize susceptiblity of the valve
operation to potential contaminants and to minimize sources of
contamination in the valve and the working subsystem. To minimize

the effects of contamination, any area in the valve which could

trap particles should be eliminated. Use of a "swept by" design

allows contamination to pass through valve. Sufficient clearance

should be provided between sliding surfaces such at the antici-

pated maximum dimension particles will pass through and not cause

sticking or binding.

Threaded line connections are a source of contamination. Per-

manent connections are preferred to mechanical connections to

eliminate this contamination source. Where threaded line con-

nections are required, the use of rolled threads is preferred to
machined threads to minimize burrs.

Resilient seal materials should be evaluated for long life appli-

cation because they are more tolerant to contamination than metal

seats. The advantages and disadvantages of soft seats are pre-

sented in Tables 3 and 4 respectively. Polymer selection must

consider the effects of propellants, loading, temperature, and

vacuum conditions. Compatibility selection details are pre-

sented in the design section of the solenoid valve report, Chapter

IX.

Among the materials used for soft seats, or poppets, are plastics

such as Teflon, KeI-F, nylon and mylar; and elastomers such as

buna-N, silicone, and Viton.

Use of Teflon valve seats has been discouraged because of the

problem of cold flow. However, the ability of Teflon to seal

in an environment of particulate contamination is an indispens-

able advantage for long life application.

According to the survey of manufacturers and users, the control

of Teflon cold flow for valve seats is accomplished by the fol-

lowing procedure: the valve is subjected to its normal opera-

tion pressure while maintaining a temperature of 82°C for 24
hours to accelerate the cold flow of the seat material_ The

data presented in the solenoid valve design section indicates
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that most of the Teflon cold flow occurs during the first 24 hours.
An accelerated test should be developed for programs which require
long life. Initial analyses indicate that if the valve seat is
subjected to normal design load and 150°C temperature for 14
days, then the seat would not experience cold flow in a ten year
application. However, metal-to-metal seats are satisfactory if
the system leakage requirements can be relaxed or if rocket engine
requirements include a highly reactive propellant. Wheremetal
seats are used, leaks due to contamination are minimized if the
seat load is sufficient to plastically yield a trapped contaminant
particle on the sealing surface. However, for metal seat appli-
cations, high safety factors should be used to assure low seat
stresses. If it is deemedabsolutely necessary, filters can be
placed upstream of critical components. One companyhas installed
integral filters in their check valves, to minimize contamination
effects.

The possibility of valve mechanismbinding must be minimized to
prevent excessive wear. To achieve this goal, clearances in
valving mechanismsshould provide for thermal cycle expansions
and/or exposure of non-metals to fluid. A length/diameter bear-
ing surfaces guide ratio of greater than 2:1 is required to guide
the poppet on the valve seat.

Conservative force margins are necessary when developing crack-
ing and reseating pressure characteristics to provide sufficient
seating force to accomplish a good seal and low pressure drops.
The maximumcheck valve differential pressure in the reverse
direction must be considered in the design of the valve closure
and seals to prevent fracture of closure and extrusion of soft
seals.

Chatter can be minimized by utilizing valving elements with
quick opening areas. The following example illustrates how a
failure modeattributed to poppet chatter was eliminated.

Mr. Fred Wright, Martin Marietta Aerospace, noted that a check
valve used in gaseousnitrogen media, developed for the Mariner
'71 propellant subsystem, experienced poppet chatter. Increas-
ing the friction of the valve poppet stem was tried to dampen
the chatter, but the cracking pressure was not repeatable. The
poppet chatter was eliminated by opening the clearances on the
flow passages. This caused the poppet to lift and resulted in
a longer poppet stroke when the valving element was opened.
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The TRWhandbook (Reference 2) indicated that valve chattering may
be reduced by:

i) Diminishing the difference between poppet projected area and
the orifice area.

2) Adding a dashpot effect in the spring cavity.

3) Using loading springs with negative spring rates to get snap
action opening (belleville springs).

Ball check valve designs should be avoided because they tend to
chatter upon rapid closure.

Dynamicseals are subject to wear and should be avoided for long-
life applications. The Martin Marietta Aerospacehas attempted to
avoid sliding surfaces in developing valve designs because of wear
and contamination problems.

An important performance characteristic is the valve seat config-
uration. Flow around the valve seat may cause turbulence and seal
erosion due to contamination passing at a high velocity. Spherical
and conical valve poppets are recommended. More information is pre-
sented in the solenoid valve chapter.

The methods suggested to eliminate external leakage are to use
welded valve body construction and permanent connections such as
welded, brazed, or swagedrather than reconnectable mechanical
joints when installing valves into the system. The valve bodies can
be machined from bar stock, cast, or forged. Martin Marietta has
had material problems with check valve body porosity. The valve
bodies were machined from 347 stainless steel bar stock and the
material had stringers or inclusions. This problem can be solved
by selecting a consumable-electrode-melted bar stock (vacuummelt)
to eliminate inclusions.

Complexvalve body design can be sand cast; however, they are
relatively weak and maybe porous. The porosity can be controlled
by impregnation of the casting wall with a sealant substance such
as sodium silicate.

Forgings generally weigh more and require more final machining than
castings. However, forgings are structurally stronger than castings
and able to withstand higher internal/external loading.
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If leakage is a stringent requirement, then brazed or welded valve
body Joints are preferred to captive types of seals for valve con-
struction.

Aluminumalloy valve bodies can be conditioned for corrosion re-
sistance by providing a chromic or sulphuric acid anodized coat-
ing. CRESalloys can be used to fabricate steel alloy valve
bodies. Stress corrosion cracking is caused by material under a
tensile stress while on a corrosive atmosphere. It is recommended
that protective coatings be used on materials that are subject to

stress corrosion, or that are exposed to corrosive environments.

b. Results of Industry Survey - A survey of check valve manufac-

turers and users was conducted to ascertain the expected life of

existing hardware and to identify features which would enhance valve

llfe in new designs. The consensus answers to the questions posed

in the general survey are reported in Table 5. The specific part

survey data are presented in the pressure regulator and solenoid

valve study, Chapter IX.

c. Alternate Approaches - To eliminate the effect of single fail-

ure points and achieve long-life goals, designs that have been

developed with quad valves, double seated valves and systems em-

ploying valves in redundant configurations.

It doesn't appear feasible that other types of valves can be used

in place of check valves. Manual valves are not automatic and

would require a crewman to continuously monitor valve position.

The sensing controls for using a solenoid valve in this applica-

tion would be prohibitive.

d. Operating L_fe - The expected service llfe of check valves is

estimated by the valve manufacturers and users to be i0 years.

Taking out the high and low estimates, the check valve cycle life

estimates for pneumatic and hydraulic applications varied from

500,000 cycles on low pressure systems to 250,000 cycles on high
pressure systems.

The survey response indicated the check valve storage life is

determined by age sensitive parts and seats.
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Table 5 Results of Manufacturing/Agency Survey -

Cheek Valves

I.

2,

L-

QUESTIONS CONSENSUS ANSWER

Do you manufacture

(use) aerospace check

valves? Usage?

What is the expected

llfe of subject part?

3. What are the failure

mechanisms (causes) of

the failure modes?

4. What failure modes

would prevent a ten

year service life?

What failures have

occurred?

5. What solutions do you

suggest for the above

failure modes that

would either enhance

the operational llfe

and/or increase the

probability of

success?

6. To achieve long life,

what design features

are incorporated in

your check valve?

7. How do you determine

part life?

8. Did you test for

specific failure modes

and mechanisms and

were any special test-

ing techniques used?

9. What process controls

are necessary to

ensure long llfe?

Yes, the missions are relatively short with the

exception of Skylab which requires an eight month

llfe.

The cycle life range expected for check valves is

I00,000 to 500,000 cycles on up to ten years in

duration.

System induced contamination, seat material itself,

erosion due to high velocity, joint connections,

sliding surfaces.

Internal leakage due to contamination and aging

of seals or seat material. Instability of check

_valve.

I) Contamination control

2) Contain O-ring seal on three sides

3) Carefully guide poppet on valve seat.

Welded body construction and valve welded into

system. Contamination control. Consider redun-

dancy in the valve. Open clearances to allow

for non-metal seal swelling.

Environmental and qualification testing, cycle tests

and analysis.

FMEA's were checked against testing to verify there

is testing of anticipated failures. Margin testing

is performed; however, no particular accelerated

life tests are performed.

Most companies indicated a wear-ln of 50 to 150

cycles for check valves. Springs and O-rings are

both 100% inspected. Ultrasonically clean valves

and assemble in clean areas. Units are thermal

cycled when directed by the customer.

VIII-22



North American Rockwell (Reference i) performed a wear analysis on

ten selected Saturn S-II valve designs to determine long-life capa-

bilities. They were cycled, disassembled, measured for wear, and

recycled. Endurance cycle tests were also performed on selected

valves. They concluded that all ten valves were candidates for ex-

tended life (several missions). Six of the valves showed promise

for long-life (many missions).

The stretchout of the Apollo program caused many components desig-

nated for use in the CSM and the Lunar Module adapter to exceed

their shelf life prior to use. As a result, a study was undertaken

to determine the components with possible age extension. Data from

North American report (Reference i), "Age Life Analysis Sheets"

lead to the following conclusions. Plastic seal materials (Teflon,

KeI-F, nylon, and mylar) show a 10-year minimum age life. The maxi-

mum estimated life expectancy under average exposure conditions was

20 years for Teflon, KeI-F, and mylar (i0 years for nylon). Actual

test data revealed 9-11 yearsuse with the seals still function-

ing.

Elastomeric seal materials (silicone rubber, buna-N, Viton, and
EPR) show a 10-year minimum age life. The maximum estimated life

expectancy under average conditions was 20 years for silicone rub-

ber, Viton and EPR (15 years for buna-N). Actual test data re-

vealed 9-11 years use with the seals still functioning.

Although most manufacturers call out a storage life of three to

five years in the procurement specifications, it could be extended

as noted by the data above and the actual experience from the
Apollo program.

e. Application Guidelines - Although interchangeability of the

valving elements is possible, the only maintenance or repair of

these check valves is complete replacement. Since many of these

valves are welded body construction and installed into the system

with permanent type connections, such as welded, brazed, or swaged,

connections, inflight maintenance is not applicable for these
valves.

f. Additional Studies Required - Several valve manufacturers state

that their valves will operate satisfactorily for i0 years, however,

sufficient historical data in a space environment is not yet avail-

able to confirm this long life. It is suggested that data be col-

lected to confirm a 10-year service life.
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Do TEST METHODOLOGY AND REQUIREMENTS

Check valves are qualification tested according to the customer's

specification in the usual manner. The test units are subjected to

loads and environment, while monitoring the parameter output for

specification conformation. One valve manufacturer has a solenoid

valve used as a pilot in a servo valve on their hydraulic test

bench and has monitored the life of this valve. During a cycle life

of approximately 8,000,000 cycles of 3,000 to 4,000 psi, two prob-

lems have been recorded. The tip on the solenoid plunger broke off

(a structural failure which was corrected). The second failure not

attributable to the solenoid valve; viz, a spring failure on the

main shuttle valve. It was thought that check valve springs would

be a problem. However, the survey of manufacturers and users re-

ported very few problems attributed to springs.

Although none of those interviewed devised special tests to detect

specific failures, failure modes and effects analyses (FMEA's) were

used to determine if anticipated failure modes could be detected

by test. One response indicated that, according to FMEA, internal

leakage was the worst case failure mode for the particular valve.

The valve was then tested without the O-ring to determine the leak-

age rate. It operated satisfactorily. The lives of the valves

are estimated from functional and qualification testing or from

seals which are subjected to aging.

The only margin testing frequently employed on check valves is

pressurization of the valve body to establish safety margins. One

manufacturer noted that a margin test or endurance test for cycle

life determination was occasionally performed on valves. Thermal

cycling was performed on valves only upon customer's request.

It is recommended that contamination tests be performed on critical

valves to determine the contamination levels that these components

can tolerate. These tests would indicate which components need to

be protected with a filter and the required cleanliness level for

the system.

When subjected to load, most of the Teflon cold flow occurs during

the first 24 hours. For this reason it is recommended that accel-

erated tests be developed for valves with Teflon seats which re-

quire long-life. Initial analysis indicates that if the valve

seat is subjected to normal design loads and 150°C temperature

for 14 days, the seat would not experience any more appreciable

cold flow in a i0 year period.
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All valve manufacturers performed 100% inspection of O-ring seals,

springs, and wear-in cycle tests on valves, to verify their opera-

tion. The wear-in tests on check valves varied from 50-100 cycles

and this number of cycles is recommended to eliminate valves which

may fail early in their operational life (infant mortality).

Apollo Check Valve Test Histor_

The check valve assembly consisted of four, single spring loaded

poppet check valves installed in a dual series-parallel arrange-

ment. Differences for check valves for the same propellant sys-

tem were in poppet seat material and pressure drop.

Initial cracking pressure requirement was I0 psig maximum for

the oxidizer valve and 1.5 to 3.0 psig for the fuel valve. Oxi-

dizer valve cracking pressure was reduced from 1.5 to 3.0 psig.

Pressure drop requirement for the oxidizer valve was initially

I0 psi maximum for 4.5 ib/min, helium flow at 15.6°C temperature

and 187 psig inlet pressure. It was reduced and finally fixed

at 3.3 psi (3.6 psi for the fuel valve). The internal leakage

requirement for the oxidizer valve was initially 25 x i0-4 scc/
sec. maximum.

Design verification tests were performed during January 1965, with

two oxidizer units equipped with Teflon poppet seals. During

the high temperature endurance cycling tests one poppet valve

stuck open because of a galled and worn poppet stem. The condi-

tion was corrected by chrome plating the poppet stems and the

test was completed satisfactorily.

Qualification testing for both Block I check valves began in May

1965, and continued to March 1966. Three oxidizer valve units

equipped with bonded Resistazine rubber poppet seals and three

fuel valve units equipped with bonded Butyl rubber poppet seals

were successfully tested. Off-limits testing of two fuel check

valves consisting of extended limits vibration and a rupture burst

test was completed in January 1966. The units, which were equipped

with bonded Butyl rubber poppet seals, met both requirements. The

specification requirement was 500 psig minimum. Block I check

valves were certified June 1966. The fuel check valve for Block

II was qualified by similarity to the Block I fuel check valve.

Additional qualification testing required of the oxidizer check

valve was performed successfully on two units from April to July

1966. Both check valves were certified in 1968. For subsequent

vehicles the following procurement specification design and per-

formance requirement changes were made:
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i) Allowable pressure drop was increased;

2) Vibration levels were increased;

3) Filters were installed at check valve inlet and test ports.

The radius of the poppet seal back-up ring was increased to elim-
inate seal damage. The absolute micron rating requirement for
the filter elements installed at the check valve inlets and test
ports was not less than 35.0 nor more than 74.0 microns. During
filter qualification tests the filter pressure drop was 0.3 psi
for 4.5 ib/min, helium flow at room temperature and 186 psig in-
let pressure. Specification allowable pressure drop was 1.5 psi.
Filter qualification testing was completed in June 1968, with
four units successfully meeting all specification requirements.

Qualification testing was performed from May to October 1968, and
the check valves were certified February 1969.

E. PROCESS CONTROL REQUIREMENTS

From the survey of valve manufacturers and users it was indicated

that the valve parts should receive ultrasonic cleaning and assem-

bly in either clean rooms or on laminar flow benches. It is recom-

mended that the cleanliness requirements be governed by a single

contamination control specification that includes the components,

fluids and systems. The clean room specification should be such

that contaminant size is less than that specified in the valve de-

sign specification as being acceptable. Valves should be shipped

and stored in bags as a cleanliness control. Consideration should

be given to using nylon or polyethylene to prevent creation of

contamination due to chaffing by the parts. Vendor controls shall

guarantee that the valve contamination particle size and count will

not exceed specified limits. Documentation is required on particle

levels. The Skylab program required that system cleanliness must

extend across interfaces with other contractors.

Customer requirements for critical processes should be called out

in the procurement specification. Most manufacturers contacted in

the survey stated that plating, heat treat, and rubber products

require strict process control.
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F, PARTS USAGE CONSTRAINTS

The selection of the ball, cone, poppet, swing, or flapper check

valves depends upon the particular application, the limitations,

and advantages of each valve type. The TRW Systems Handbook (Ref-

erence 2) lists applications and limitations of various check valves.

The valve types that appear to offer more advantages for long life

include the poppet, cone, and flapper type check valves in the order

of decreasing desirability. The use of ball check valves in air-

borne systems should be avoided due to their tendency to chatter,

particularly on rapid closure. Do not use large flat plastic seal-

ing interfaces for long life operation due to high impact wear

characteristics. Also don't use rotating butterfly valves for

long life applications due to high frictional wear characteristics.

A guideline from the Apollo 13 (Reference 3) incident is to pre-

clude the use of Teflon and other relatively combustible materials

in the presence of oxygen and potential ignition sources.
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IX. PRESSUREREGULATORSANDSOLENOIDVALVES

A. INTRODUCTI ON

lo

The long-life problems concerning solenoid valves and pressure

regulators in space applications are treated together in this
section.

Pressure Regulator - General Descri_otion

A pressure regulator is a control valve that employs no auxiliary

source of power during operation. Regulators control pressure by

varying flow as a function of the sensed difference between the

actual and the desired pressure. Any unbalanced force resulting

from the pressure difference moves a metering element which in-

creases or decreases fluid flow to nullify the pressure error.

Regulators are usually divided into three types:

i) Pressure-reducing regulators reduce the upstream pressure to a

predetermined downstream pressure regardless of upstream pres-

sure variations. These regulators are the most common type

used in airborne systems;

2) Back-pressure regulators measure and regulate upstream pres-

sure regardless of variation in outlet pressure (also called

vacuum regulators), and;

3) Differential pressure regulators maintain a constant pressure

across an orifice to maintain a constant flow rate.

A pressure-reducing regulator can be broadly classified as either

modulating or nonmodulating. Within each of these two classifica-

tions, regulators can be categorized as direct acting or piloted.

Other characteristics used to identify regulators include loading

method and control action. The basic types of pressure regulators
are tabulated below:
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Modulating Nonmodulating

Direct acting, weight loaded,

reset action.

Pressure switch and solenoid valve,

ON/OFF action (bang-bang).

Direct action, spring loaded,

proportional action.

Piloted, spring loaded ON/OFF

action.

Direct acting, preset pres-

sure loaded, proportional
action.

Direct acting, constant pres-

sure loaded, proportional plus

reset action.

Piloted, variable pressure

loaded, proportional plus reset

action.

Terms associated with pressure regulators are defined as follows:

Modulation - Describes the ability of a regulator to achieve any

steady-state flow rate necessary to maintain a constant regulated

pressure. Most regulators are designed for modulating flow con-

trol. A nonmodulating regulator is simply an ON/OFF device;

Piloting - The use of a small flow control device operated by a

small actuation force to control indirectly a large flow requiring

a large actuation force;

Loading - The method of achieving a reference force to establish

the regulator set point. The reference force is applied to the

metering element so that it is opposed by the regulated pressure

acting on an attached sensing element;

Regulator Control Action - The relation between a change in meter-

ing valve position for a given change in the pressure being con-

trolled. Control action may be two position (ON/OFF), proportional,

reset (integral), or proportional plus reset;

Deadband - The variation of regulated pressure about its desired

value, usually expressed in percentage of regulated pressure or psi

deviation;
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Loch_{_) - The condition reached by all pressure regulators when the

downstream pressure is increased to the point where the regulator

stops all flow. Internal leakage is measured at lockup;

Fg_ Limitcr - Usually a redundant control pilot incorporated into

a regulator to prevent the flow rate from exceeding a predetermined

value;

Ba_zg-b_g Regulator - The most elementary nonmodulating regulator.

It is a combination of a pressure switch and a solenoid valve. Al-

though not truly a regulator, this device is often referred to as

bang-bang regulator.

A survey of regulator applications and requirements for rocket

engine systems is presented in Table 1 to familiarize the reader

with general usage. Table 1 and parts of this section were ex-

tracted from the Aerospace Fluid Components Designer's Handbook

(Reference i).

The regulator initially used on Minuteman is shown in cross sec-

tion in Figure i. The unit is pilot-operated and functions basi-

cally as follows. Upstream pressure is admitted through a filter

in the inlet fitting to the main flow and pilot poppets, both of

which are closed by spring and pressure forces whenever system

downstream pressure is equal to regulator lockup pressure. When

system downstream pressure drops, the regulator pilot poppet is

pushed off its seat via motion of the main reference spring/

bellows assembly causing pressure to build up on the underneath

side of the auxiliary piston. Sufficient force will eventually

be developed, considering the limited capacity of the bleed

orifice through the auxiliary piston, to push the main flow

poppet off its seat. When system pressure increases adequately,

the main reference spring/bellows assembly retracts allowing the

pilot poppet to close, pressure equalizes across the auxiliary

piston via the bleed orifice, and the main flow poppet closes.

Maximum flow is controlled by the orifice assembly built onto the

outlet port. Shifts in downstream pressure corresponding to

changes in inlet pressure to the regulator are eliminated by the

appropriate movement of the flexural member. The net effect is

to vary the point at which pilot flow is initiated as a function

of closing force developed by inlet pressure on the main flow pop-

pet (e.g., pilot flow starts earlier with increasing inlet pres-
sure).

The main reference bellows was originally an edge-welded assembly;

however, the latest regulators incorporate a seamless, formed bel-

lows. Both control poppets are machined from Kynar.
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-- Reference
Spring

Outlet

Figure I Cross Section of the Minuteman Pressure Regulator.
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The pressure regulator currently used on the Minuteman missile

(Figure 2) and Mars Mariner has the following features:

i) A single plunger is used between the bellows and the poppet.

The result is less friction and a smaller package size and

weight;

2) There are no moving parts in the flow limiter. The Minuteman

unit utilizes a fixed venturi built into the inlet fitting to

control maximum flow;

3) The use of a single bellows, formed from seamless tubing, re-

sults in an ll-psi outlet pressure control band due to the

low spring rate involved. A higher unit reliability results
from a seamless bellows compared to a redundant edge-welded

bellows (Fig. 3), and;

4) A total of i0 _Knuteman regulators were successfully qualifi-

cation tested without significant failures.

The LM pressure regulator assembly (Fig. 4) consists of two iden-

tical pressure regulators in series. Each regulator maintains its

own outlet pressure. The predominant failure mode of each regu-

lator is "fail open." Thus, the outlet pressure remains within
the control band after the occurrence of a single "fail open"

malfunction. During normal operation, there will be only a very

small 5P across the downstream regulator.

The valve is positioned by the force balance between a pressure

sensing bellows and a Belleville spring assembly. If regulated

pressure falls, the sensing element opens the valve and admits more

gas, tending to maintain a constant pressure. Accurate pressure

regulation is achieved by utilizing a sensing element with a large

effective area and a low spring constant.

The inlet pressure exerts a force on the valve seat. This force is

a part of the force balance that determines regulated pressure, and

if not compensated, would cause undesired variations in regulated

pressure. "Pressure balanced" inlet valves compensate for this

effect, but require high pressure sliding seals which lower reli-

ability. In the LM regulator, compensation is obtained by mounting

the valve seat on a stiff but compliant plate, which deflects

slightly with inlet pressure.
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Subsssembly

Weld (2)

F-L-

Edge __Welds

(Typ)

Sub2 ssembly

Weld (2)

Welded Bellows Formed Bellows

Figure 3 Cross Section of Edge-Welded Bellows Compared to

Formed Be flows
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Bellows -_ _ _,k_i_ _

Belleville Spring _ _____i _____...._z__x..

Inlet _ o ea t

Figure 4 Schematic Diagram of the LM Pressure Regulator
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. Solenoid Valves - General Description

Virtually any type of valve can be solenoid operated. A solenoid

valve consists of two major functional assemblies: an electro-

magnetic assembly consisting of an electromagnet and an electro-

magnetic plunger in which a poppet is affixed, and a valve body

assembly containing an orifice and means to attach external lines

and hardware. Solenoid valves are normally classified as shutoff

or latching.

Valves are designed in normally open or closed positions. In the

normally closed design, the valve opens when the current is applied

to the solenoid, and closes when the current is removed. The nor-

mally open valve is just the reverse; the valve closes when the

current is applied, and opens when the current is removed. Figure

5 shows a typical normally open solenoid shutoff valve. A spring

is utilized to maintain the poppet in the fully open position.

When current is applied to the electromagnet, the movable core

plunger travels into the housing forcing the poppet into the seat

to prevent flow through the orifice. The spring is now in compres-

sion, and the spring force will return the movable core plunger to

the open position when the current is removed from the electro-

magnet.

A latching solenoid valve used on Apollo in the supercritical

hydrogen and oxygen gas storage systems is depicted in Figure 6,

The valve uses two solenoids on opposite sides of a common armature

for valve actuation and a Belleville washer for the latching func-

tion.

To open the valve, solenoid 1 is energized to provide a pull force

on the armature which in turn provides an opening force to the

poppet. When the armature has moved a sufficient amount, the

Belleville washer snaps and holds the poppet off the seat. Solenoid

1 is now de-energized and the valve remains open.

The valve is closed by energizing solenoid 2. This pulls the

armature down and snaps the Be!leville washer to the opposite mode.

The pressure difference across the poppet and a small coil spring

force hold the valve closed. Solenoid 2 is now de-energized and

the valve remains closed. The position switch obtains its position

indication from the armature and supplies a closed circuit when the

valve is in the closed position.
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When valves are specified as two-way, three-way, etc. the digit

always refers to the number of ports--the openings or passage ways

through which the gas or liquid (medium) flows. Two-way valves

must be specified as normally open or closed. If the valve opera-

tion uses more than two ports (three-way, four-way), it must be

described in words or by a schematic to indicate which ports are

interconnected when the solenoid(s) are energized or deenergized.

Pilot operation is useful when insufficient power is available to

actuate a large valve. A smaller "pilot valve" is first actuated

admitting fluid to apply pressure for actuation of the larger

valve.

B. GUIDELINES FOR LONG-LIFE ASSURANCE

The current state-of-the-art solenoid valves and pressure regula-

tors can meet the anticipated requirements for long-life applica-

tions such as the Shuttle program. Both spring return solenoid

valves and pressure reducing regulators can currently obtain

calendar service lives of i0 years without maintenance. For gas

applications, a solenoid valve cycle life of 500,000 cycles is

currently possible; and 1,000,000 cycle life is obtainable with

an advanced state-of-the-art valve. A pressure regulator cycle

life of 500,000 cycles is currently possible; a cycle life of

1,000,000 is obtainable for environmental control system (ECS)

applications.

Internal leakage caused by contamination is the major life-limit-

ing failure mode for the valves studied. The contamination may be

from either the fluid medium or from valve wear particles. Listed

in the order of most probable occurrence, the solenoid valve fail-

ure modes are:

i) Internal Leakage ;

2) Failure to open or close, and;

3) External Leakage.

Listed in the order of most probable occurrence, the pressure

regulator failure modes are:
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i) Internal Leakage;

2) Regulator Fails Open or Regulates High;

3) Regulator Fails Closed or Regulates Low, and;

4) External Leakage.

Design Guidelines

i) Design large flow paths (areas) through poppet solenoid valves

and main sealing surfaces to reduce flow velocities and ero-

sion of seats.

2) Configure housings (as far as possible) to eliminate areas

that can entrap contaminants. Use a "swept by" design where

flow will tend to pass contaminants through the component.

3) Insure that materials are compatible with the working fluid

including maximum expected fluid impurities. The evaluation

must consider dynamic as well as static applications. It

must also consider temperature, pressure, and phase variations

of the fluid.

4) Minimize component induced contamination:

a) Material selection should consider the effect of wear

particle size on useful life. Particle sizes vary as

The Young's Modulus divided by the square of the com-

pressive yield stress.

b) Use rolled threads in preference to machined threads to

minimize burrs and achieve higher strength.

c) Minimize dead-end passages and capillary size passages.

5) Leaks due to contamination are minimized if the seat loads

are sufficient to plastically yield a trapped contaminant

particle on the sealing surface. System contaminants must

be identified to determine particle size and material prop-

erties.

6) Avoid sliding parts; they not only induce contamination, but

entrap contamination.
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7)

8)

9)

i0)

ll)

12)

13)

14)

15)

16)

Develop valving elements with quick opening areas to preclude

chattering, instability and high seat velocities.

Spherical or tapered poppets are recommended. These poppets

are self-aligning, but require precise alignment of the seat

and the poppet assembly.

Insure guiding of poppet onto seat to allow for maximum

alignment and eccentricity tolerance (i.e., use a large length/

diameter bearing surface to guide ratio - minimum 2:1).

Justify not employing elastomer seats. Low leakage rate re-

quirements of less than 5 scc/hr can be most easily met by
elastomer seats.

Since low seat stresses are desirable for long life, high

safety factors should be used in conjunction with high seat
loads.

Control the undesirable creep or cold flow characteristics of

Teflon seats by:

a) Containment of Teflon seats on three sides;

b) Heat stabilization techniques, and;

c) Low stress levels.

Avoid Teflon seals for high pressure oxygen system applica-

tions to preclude flammability hazards.

Seat stress of plastic seats must be held well below material

yield stress for long-life storage to prevent excessive de-

formation. Stresses in elastomeric seals are generally not
critical.

Wear is minimized by making the hard seat in the housing

wider than the plastic seal of the poppet or conversely by

making the metal sealing surface of the poppet wider than

the plastic seat.

Smooth surface finishes are superior for long life; there-

fore, it is recommended a finish of 16 - 32 rms be used.
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17)

18)

19)

Lipseals supported with a back-up ring to resist undesirable

influences of pressure loading are superior to designs with-

out this provision. It is recommended that lipseals guiding

piston rods or poppets use back-up sealing rings in addition

to the main lipseal.

Cold-formed plastic lipseals and certain machined plastic lip-

seals that rely on diametrical stretch to effect a seal such

as rotating butterfly valves should not be used for long life

applications due to the high frictional wear characteristics.

Avoid plastically deformed soft metals. This configuration

has excellent sealing characteristics, but exhibits low life.

20) Do not use large flat plastic poppet sealing interfaces.

They are not compatible with long-life due to high impact

wear characteristics and misalignment.

21) Elastomeric seals may be contained by mechanical or bonding

methods. Use bonded seals only where proven in application

and use 100% nondestructive test inspections.

22) To minimize transient stresses due to poppet travel, provide

positive stops at the end of travel.

23) Seal retention methods shall prevent seal distortion, creep

or dislodgement.

24) The inherently larger leakage rates of hard or hard seat

configurations can be minimized by lapping poppet and seat
to obtain better seat finishes.

25) Reduced life due to vibration sensitivity is minimized by

decreasing clearances in bearings and guides, avoiding large

overhung moments, and restraining lateral motion of poppets.

26) Provide external fittings to permit drain, flush and purge

after exposure to propellants.

27) Control stress corrosion by avoiding stress corrosion sus-

ceptible materials or design parts to operate at low stress

levels.
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28) Justify the use of dynamic seals. They are subject to wear

and cause unpredictable drag.

29) Control external leakage by:

a) Requiring welded valve body construction;

b) Require vacuum melt bar stock, and;

c) Impregnate valve casting with sealant.

30) Avoid tapered plug valves and gate valves since they are

susceptible to sticking.

31) The solenoid open and close force margins goal is 300%. Fail-

ure of the poppet to open (or close) may be caused by binding

of the plunger or insufficient solenoid force.

32) Prevent insulation deterioration and subsequent solenbid shorts

that can lead to reduction in electromagnetic force by:

a) Coating solenoid valve lead wires with an abrasive resist-

ance covering;

b) Take special precautions when joining the lead wire to

the solenoid coil wire, and;

c) Pot coils and lead wires to prevent movement during vibra-

tion and operation.

Process and Control Guidelines

i) Ultrasonically clean valve parts; assemble in specified level-

clean areas, and govern by a single contamination control speci-

fication during test. This same control specification should

also govern the test fluid media used.

2) Use a fabrication barrier (bag) to protect clean parts. Con-

sider using nylon or polyethylene to prevent creation of con-

tamination due to chaffing of the barrier by the parts.
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3) Vendor controls shall guarantee that the valve contamination

particle size and count will not exceed specified limits.

Documentation is required.

Test Guidelines

i) Conduct contamination susceptibility tests during development

to determine the level of contaminant that the valve can tol-

erate.

2) To eliminate components with latent manufacturing defects, con-

duct 50 to i00 run-in cycles.

3) Do not rapid cycle valves (designed for fluid applications)

for functional verification in a dry condition because the

lack of fluid damping can increase seat stress and reduce life.

4) Conduct life cycle endurance tests under operational conditions.

For long-life applications, the valve cycle life parameter must

be known.

5) Require calibration logs be kept on pressure regulator assem-
blies to determine if the unit is drifting out of limits prior

to service usage.

6) Test for corrosion of materials in the presence of the working

fluid and the maximum expected impurities expected during oper-

ational life. Evaluate pitting and stress corrosion as well

as penetration rates over a large surface area.

7) Consider use of holographic terferometry test methods for fluid

compatibility evaluations. Th_se methods allow evaluation
of the onset and time variation of the corrosion process and

permit three dimensional evaluation of localized effects.

8) After operational valve use, measure the response character-

istics of the valve and perform trend analysis to identify

wear trends.

9) Consider means to minimize cold flow during service. Initial

analysis of an accelerated test for Teflon valve seat/poppet

assemblies indicate that if the assembly is subjected to nor-

mal design loads and 150 ° C temperature for 14 days, then the

assembly would not experience any more appreciable cold flow

in a ten year period.
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, Application Guidelines

i) To avoid contamination and to prevent leakage, install compo-

nents into systems using permanent connections, such as

welded, brazed, or swaged connections rather than reconnect-

able mechanical joints.

2) Solenoid valves and pressure regulators are not normally re-

pairable by in-flight maintenance procedures.

3) System design should identify the Line Replaceable Units

(LRUs) consisting of individual valves or regulators, or

groups of valves or regulators, for ease of remove/replace

activities in the event of component malfunction.

4) A solution to reliability problems is the application of

valves and regulators into redundant configurations.
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Co LIFE LIMITING PROBLEMS AND SOLUTIONS

. Failure Mechanisms Analysis (FMA)

The failure modes (Table 2) that could materially affect the func-

tional reliability of solenoid valves will be individually dis-

cussed in the following paragraphs. The failure modes listed in

their most probable order of frequency are:

i) Internal leakage (through the valve);

2) Failure to open or close, and;

3) External valve leakage.

The failure modes (Table 3) that could materially affect the reli-

ability of a pressure regulator valve are:

i) Internal leakage (through the valve);

2) Regulator fails open or regulates high;

3) Regulator fails closed or regulates low, and;

4) External leakage.

Except for the failure modes associated with the source of valve

actuation, the failure modes of solenoid and pressure regulator

valves are essentially the same. Internal and external leakage

failure modes for both valve types are discussed together.

a. Inte_al Leakage - Internal leakage through a valve is the

most serious of the functional problems for long duration missions

because (i) even a small leakage rate can deplete the supply of

the flowing medium,* and (2) if the flowing medium is corrosive or

explosive, damage to equipment or personnel can result. Most of

the literature and valve authorities surveyed agreed that soft

seats should be employed to obtain the very low leakage rates re-

quired for space applications. Because of their relative resil-

iency, soft seats provide better leakage control than hard seats;

Zero leakage is defined by JPL as any leakage equal to or less

than 10-7 scc of helium per second.
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however, the limitations of propellant compatibility, thermal com-

patibility, adverse effects on valve time, and repeatability often

dictate the use of hard seats. Metal-to-metal seals can maintain

the low leakage rates required if very careful design and quality

control are employed; however, the probability of a successful

metal-to-metal seal is less than that for a metal-to-elastomer seal.

In addition, the probability of poppet-to-seat cold weld is greater

for metal-to-metal seals than metal-to-elastomer seals which tend

to vulcanize when closed for long periods.

Teflon or KeI-F seats are in common usage where low leakage rates

are required after repeated cycling. KeI-F is used when the pres-

sure differential is greater than 200 psi. Teflon seat stresses

should not exceed 3000 psi to avoid cold flow and subsequent leak-

age. Teflon seats should not be used above 150 ° C because the

seats are easily damaged by large particles and vibration at higher

temperatures. Cold flow of soft seat has been reported in numerous

applications. A number of good design practices have been developed

at the various NASA centers to solve the problem. The majority of

the solutions consist of surrounding the soft seat material on

three sides with a metal backup and then closing the poppe_ against
the fourth surface.

At the National Bureau of Standards (Ref. 2), Washington, D. C.,

techniques for fabricating improved flange seals for vacuum as high

as 10 -8 torr have been developed by Dr. R. L. Anderson, Dr. L. A.

Guildner and R. E. Edsinger. These seals, fabricated from TFE

gaskets, are pressurized beyond the yield point by spring-loading

with a flexed metal bar. This pressure is maintained while the

seal is in use, and flow of the material is confined to the seal-

ing area. To avoid excessive flow, clearances between parts are
held to 0.025 mm maximum.

Figures 7 and 8 show two types of flange seal applications. The

yield point for TFE is 3000 psi and when subjected to greater

pressure, the material exhibits flow that is mainly elastic. As

a result, it will seal surfaces of relatively poor quality. Un-

stressed, the TFE is somewhat porous, but under pressure that

exceeds the yield point, it becomes impervious.

Contamination is the major failure mechanism or functional prob-

lem. Contamination can cause valve leakage, sticking of sliding

surfaces, increased wear, plugging of small orifices, scoring,

and high friction forces. According to Ref. 3, failures attribut-

able to contamination accounted for i0 of the 41 Titan failures.
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In addition, a Milmanco Corporation of Seattle, Washington, study

for USAF of missile valve failures found 21 failures due to con-

tamination. Experience at Martin Marietta's Denver Division in-

dicates that the source of most contamination has been the vendor

facilities. The major cause of the problem has been a lack of

definition and specification of contamination and its limiting con-
trols. It is recommended that:

i) Components be ultra sonically cleaned and assembled under

specified level clean area conditions;

2) Areas that can entrap contaminants should be eliminated from

the design;

3) Written procedures should be implemented and enforced to assure

cleanliness not only of the component, but of the system to

which it is installed, and;

4) Filters be placed upstream of critical components, such as

pressure regulators.

Extensive tests on 16 separate filters by Space Technology Labo-

ratories revealed a universal lack of initial cleanliness of the

filters in the as-received condition. Almost all the filters con-

tained built in dirt or contamination particles that were in excess

of the absolute rating of the filter. It is recommended that strict

controls be implemented to ensure the cleanliness of filters.

For long duration missions, contamination could be caused within

the system by wear and chemical action of the medium (especially

propellants) on the valve materials. Only very careful design and

material selection can reduce the probability of this source of

contamination to acceptable levels. The valve seats themselves

will produce wear particles; their size is a function of the ma-

terial and fluid environment. Filters cannot protect the moving

parts from wear particles created by the valve parts.

b. External Value Leakage - External leakage is caused by leakage

through or around static seals. To eliminate this failure mode,

welded body construction is preferred and permanent connections

such as brazed, welded, or swaged should be used when the compo-

nents are installed into the system. More details of these failure

modes (including valve housing porosity) are presented in Chapter
VIII.
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c. Solenoid Valve Failure to Open or Close - Failure of a solenoid

valve to stop, allow, or control the flow rate can be caused by

sticking or sliding surfaces, insufficient electromagnetic force,

insufficient return spring force, or perhaps freezing of the fluid

medium.

Sticking (high friction forces) of sliding or contacting surfaces

can be caused by (i) cold welding, (2) inadequate lubrication, (3)

contamination, or (4) incorrect design. Contamination has been dis-

cussed in previous paragraphs.

Excessive pressure drop is caused primarily by either contaminaDt

reducing the valve seat orifice area or by failure of the poppet

to fully withdraw from the seat. In aerospace applications where

great care is taken to ensure clean systems and efficient filter-

ing, the probability of excessive pressure drop due to the collec-

tion of contamination is deemed negligible. Flow through the valve

should remove most of the contaminant. Employing the largest

orifice possible reduces the probability of excessive pressure

drop. Failure of the poppet to fully open may be caused by binding

of the plunger and/or insufficient solenoid force to fully actuate

the plunger.

Insufficient electromagnetic force may occur if the friction_l

forces discussed previously are excessive or the solenoid coil

fails open or shorted. Thermal cycling can cause the solenoid

circuit to either open or short due to repeated expansions and

contractions. The lack of thermal convection in a vacuum must be

considered in the design. The solenoid insulation must be com-

patible with the fluid medium and the radiation environment to

prevent insulation deterioration and subsequent solenoid short(s)

that can cause either a complete or a partial reduction of the

electromagnetic force. To enhance reliability it is suggested

that:

l) All wires and coils be potted with a material that has good

thermal conductivity, but which imposes minimum stress on the

encapsulated wiring; __

2) Open and closure force margins be conservative (a margin of

300% is suggested). Verify these margins by test;

3) Redundant solenoids be considered;

4) Use wire gages less than 40 gage;
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5) Coat lead wires with abrasive resistance covering such as
Kapton, H-film, or polymide;

6) Take special precaution whenjoining the lead wire to the coil
wire;

7) Avoid sliding parts.

Insufficient return spring force maybe caused by binding or loss
of spring force due to annealing from thermal cycling or radiation.
The probability of binding can be reduced by providing the proper
clearances even with thermal and load distortions. Marshall Space
Flight Center (MSFC)had a problem involving springs used in posi-
tion indicators during thermal cycling tests. The initial hardness
of a spring mayhave been obtained through heat treatment; an an-
nealing effect will occur with temperature cycling that can cause
springs to take a permanent set. In addition, temperature cycling
of valves will relieve stresses left in the valve during their
manufacture. This results in warpage and out-of-tolerance parts.
Sliding parts maybind and fail to operate because the spring or
solenoid has insufficient force to operate the parts. Although
the probability is low because of shielding, solar radiation can
produce high thermal stresses and should be considered in the de-
sign° The following suggestions should reduce the probability of
insufficient return spring force:

i)

2)

3)

Use Inconel-X for spring material in cryogenic application;

Consider using the ball-poppet in applications where thermal

expansion, warpage, or annealing of built-in stresses may be a

problem. Geometrically, a sphere is less susceptible than

other shapes to physical distortion due to temperature changes.

Hollow spheres exhibit dimensional stability superior to

solid spheres. Ceramic sphere s used for low temperature ap-
plications had a wear rate five times less than that of CRES

spheres, but are not always compatible with the flow medium.

Hard drawn steel or music wire is not recommended as spring

material.

IX-27



f

Expansion through the valve orifice can cause freezing of the

fluid medium. There is some indication that a Titan IIIC tran-

stage bipropellant valve may have failed due to frosting. It is

suggested that:

I) Thermodynamic calculations be performed for each valve appli-

cation to determine the temperature drop of the fluid medium

through the valve orifice, and;

2) The orifice be sized to prevent medium freezing.

One unique solution to the problem of medium freezing is to heat

the downstream side of a valve with alpha particles. Laboratory

tests have demonstrated the feasibility of this approach. The

alpha radioisotope had an effective life of i0 years.

Not all valve applications require rapid or precise response

rates. Typical response requirements are 5 to 50 msec for liquid

bipropellant shutoff valves* and 12 to 200 msec for gaseous sl_ut-

off valves. Abnormal functional forces or inadequate electro-

magnetic or spring forces can adversely affect response rate.

These problems have been discussed previously. A requirement for

shorter response time than is actually needed will decrease oper-

ating life.

Monitoring solenoid valve position is desirable on both manned

and unmanned missions for confirmation of system operation and

status. Position indication for solenoid valves can be obtained

from the transient current and voltage characteristics of the

actuator coil. However, in some cases the current and voltage

time traces are not properly interpreted resulting in rejection

of the valve during qualification tests. Other position indica-

tion techniques utilize a mechanical linkage coupling a position

transducer device to the linkage. On or off status may also be

confirmed by precisely located switching devices coupled to the

linkage. Many actuators do not co_tple _o the valve mechanism

through a mechanical linkage and conventional position indicat-

ing and measuring devices cannot be used.

Bipropellant valve - Any valve possessing two valvlng units in

separate, isolated channels and actuated by a single actuator.

IX-28



Lewis Research Center (Ref. 4) disclosed a circuit that detects
the change in impedanceof a solenoid coil caused by movementof
the valve stem plunger. The impedancechangeunbalances a high
frequency bridge, providing a signal for voltage-level detection
circuitry that lights a lamp. A capacitor and resistor serves to
null the bridge circuit for a given plunger position.

Another detection circuit can be hooked up to a second coil of a
double-latching solenoid valve to determine whether the valve is
open, closed, or at someintermediate position. If the detection
circuits are identical, neither lamp will light if the valve is in
an intermediate position. No valve modifications are necessary
since the detectors connect directly to the coils; however, transi-
ent suppression is required to prevent damagingvoltage spikes.

Parker Hannifin determines latching solenoid valve position by two
methods: (i) a position switch which obtains its position from the
armature, and (2) a magnetic reed switch which actuates when the
upper solenoid air gap goes to zero. The magneto-motive force
then becomeslarge enough to actuate the contact blades and
provide electrical continuity.

d. Pressure Regulator Operates Out of Limits - Regulator drift

out of limits can be caused by relaxation or creep of springs,

holes in the actuation diaphragm or bellows, or contamination

causing sticking of regulator parts or scoring the valve seat.

A rapid response rate is generally desired to keep the downstream

pressure within design limits despite any rapid changes in flow

rate. A low reference spring force is generally desired to allow

a rapid response rate; however, high reference spring forces are

required with the large sensing areas required for rapid response

rate. A careful tradeoff is required to obtain the desired re-

sponse rate within weight limitations.

Because a pressure regulator becomes heavier as the working and

peak pressures increase, a point is reached where a pilot pressure

regulator is lighter and controls better. The more complex piloted

pressure regulator is inherently less reliable than the non-piloted

types. It is therefore recommended that non-piloted pressure reg-

ulators be employed where design parameters permit.

Excessive overshoot can damage the system. The vent size on piloted

pressure regulators determines the overshoot. The smaller the hole,

the greater the overshoot; however, the larger the hole, the greater
the loss rate of control fluid. Hence:
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i) Allow the maximum overshoot consistent with system design to

conserve the control fluid;

2) Provide sufficient control fluid to complete the mission, and;

3) Develop and use a sealed pilot system (preferable).

Design

a. Selection Criteria - The selection of a pressure regulators

valve assembly for a particular application results from a de-

tailed analysis of the specific requirements as well as the basic

design characteristics of potential component types. The analysis

is a systematic form of compromise wherein advantages and disad-

vantages of the different types are weighed against the specific

requirements to permit an optional selection. This common ap-

proach to the pressure regulator and valve selection is basic to

almost every design situation. Thus, it is apparent that the

process is only as effective as the basic design criteria utilized

to provide for consideration of all significant design factors.

Any oversight in a basic design criterion could easily result in

selecting a non-optimum component type with its attendant problems.

Table 4 shows an idealized design factor list for solenoid valve

and pressure regulator long-life assurance. Table 5 presents a

design selection chart and a rating matrix of design parameters

versus functional and environmental parameters from Ref. 5. Some

significant design criteria are presented below:

i) Flow Media - The flow media is a basic design criterion and is

a major factor in selecting the pressure regulator or valve to be

used. Knowledge of the flow media (liquid, gas, or two-phase

fluid) is essential because valve types vary in sealing capabil-

ity with the fluid state. For example, a poppet valve generally

will seal a light gas (i.e., helium) better than a butterfly

valve. Additionally, the velocity of the media also must be

examined because of flow of high velocity gases tends to erode

seals. In selecting a valving assembly for such an application,

consideration must be given to how well the main seat or sealing

surfaces are protected from this erosion. This is particularly

true for hot gases or highly-reactive gases. Material compati-

bility is of basic concern because material restrictions result-

ing from use of a particular gas could preclude consideration of

a particular valve assembly. Flow media also can limit the valve

assembly that can be considered as a result of contamination or

the abrasive qualities of the medium. For example, a valve design
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Table 4 Design Factors for Long-Life Assurance Part/Component:

Solenoid Valve and Pressure Regulator

DESIGN FACTOR REMARKS

Dynamic Seals

Static Seals

Main Poppet Force

Margins (Open and

Closed)

Microswitch Actuator

Force Margins

Clearance between

Sliding Parts

Seat Configuration
and Material

Coil and Electronic

Part Potting

Electrical Over-

loading

Faying Surfaces

To meet required long-term leakage requirements,
no dynamic seals other than bellows should be

used (i.e., 0-rings and omniseals are unaccept-
able).

Welded joints in place of captive types of seals

are required for external leak paths and are

also desirable for internal leak paths.

Very conservative force margins must be designed

into the valve to insure operation at extremes

of temperature, operating voltage, and dynamic

loading, and in the presence of contamination

and corrosion.

Again, conservative force margins eliminate the

possibility of contact chatter or, in the worst

case, an erroneous signal.

Contamination of the size that will pass through

upstream filters must not cause Jamming (i.e.,

clearances must be greater than the maximum

dimension of such particulates). Avoid sliding parts,
if possible.

A soft seat (e.g., Teflon) is more tolerant of

contamination than a lapped metal seat but must

be carefully designed to minimize degradation

from impact and scrubbing loads and to eliminate
cold flow.

The potting material and configuration should be

designed so thermal expansion and contraction

will not damage or brea_ connections.

The design should be such that the inadvertent

application of voltage for a period of time in

excess of nominal design limits does not signifi-

cantly degrade reliability.

To prevent excessive coil overheat use latching

solenoids to hold the valve open (or close) for long

periods.

Faying surfaces that could trap particulates during

fabrication and release them during operation
should be eliminated.
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with inherently low sealing forces and significant r_d_bingaction
would not be a desirable design selection for a slurry medium.
Flow media also must be considered in terms of freezing point and
whether entrapped fluid could subsequently freeze, resulting in
high expansion pressures or damagecaused by icing effects.

2) Pressure - Pressure is a basic design criterion in selecting

a valve type. Operating pressure not only establishes the basic

structural requirements for the design, but eliminates some valve

assemblies from consideration. For example, use of a gate-valve

in a high-pressure systemis not feasible because of its unbal-

anced pressure characteristics and the large actuation forces

resulting from higher pressures. Similarly, the use of a ball

valve or butterfly valve in a large line size at high pressure

will result in prohibitive bearing loads, seal loads, and actua-

tion forces. The Operating pressure also must be examined from

the transient aspect, as well as the static condition. If a

valve assembly design is susceptible to pressure damage in the

intermediate open positions, a high opening or closing transient

pressure could cause seal failure.

In the case of the MOOG valve on the MMC Transtage Hydrazine ACS,

a change of design was necessary because the engine produced fairly

large tailoff spikes that hit the valve seat in the closed posi-

tion. These spikes were of a magnitude of at least i000 psi, and

had a rise rate of over 106 psi/sec. The original seat design was

of unsupported (enclosed) Teflon that was exposed to tensile load

by the engine spikes. Therefore, these spikes knocked large pieces

of the seat out and resulted in very serious leaks.

Two solutions were incorporated, first the seat was redesigned so

that the Teflon became fully encased and would be loaded in com-

pression by engine spikes. Secondly, the rocket engine injector

was redesigned resulting in decreased pressure spikes. Should the

operating pressure be compatible with the valve in terms of struc-

tural strength for static, as well as transient conditions, the

number of times the pressure will be applied also must be con-

sidered. Repeated cycling of high pressure upon a valve assembly

can result in fatigue failures.

3) Flow Rate and Pressure Drop - Flow rate and pressure drop must

always be considered in the valve and pressure regulator selection.

The required flow rate and the maximum allowable pressure drop will

establish the required size for each of the designs. Once the size
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requirement for each type of valve is established, several valve

types generally can be eliminated from consideration. For exam-

ple, the use of a butterfly valve in a 1-in. line size or smaller

system is impractical because of its high pressure drop charac-

teristics which results when it is reduced to this size. Con-

versely, the use of a ball valve in large line sizes at high pres-

sure also is impractical because of the resultant valve weight.

Valve type selection also is affected by whether or not the flow

rate is a steady-state requirement (i.e., in a shutoff valve) or

a variable requirement (i.e., in a throttling valve). Generally,

this is true of ball valves, gate valves, and blade valves. The

transient flow characteristics of a shutoff valve during the open-

ing and closing cycles could impose further limitations upon its

use in a specific application.

4) Leakage - Leakage must be considered in terms of both internal

leakage and external leakage. The more stringent the leakage re-

quirements, the more difficult and costly it will be to achieve

success. For example, an unrealistic, low leakage limit could

eliminate consideration of the optimum type of valve. Leakage

limits should be established as the most realistic values that

will prevent depletion of the fl0w media, damage to equipment,

danger to personnel, or failure of a mission objective. Once it

is assured that reasonable leakage limits have been established,

the various types of valve assemblies can be evaluated based upon

their inherent sealing capabilities. An important consideration

in this evaluation is the great variance in leakage rates result-

ing from design details and cycle life. The relative sealing

capability of the various types of valving elements require

thorough examination in relationship to the cycle life of the in-

tended application.

Most of this discussion on internal leakage also applies to exter-

nal leakage. Included in functional problems is the possibility

of leakage past the seals of the electromagnetic plunger into the

solenoid area. The problems of leakage past the plunger seals is

not as severe as those for the poppet and seat because impact loads

and seal design including redundancy can be employed more easily

with plunger seals than can be employed with valve seats and poppets.

It is suggested that plunger seals be avoided.
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5) Life - Each valve or pressure regulator requires evaluation in

terms of the cycle life and storage life needed for the intended

application. The cycle life is defined as the maximum number of

operations _pen and closed or through the throttling range) re-

quired that can be accomplished without exceeding any of the basic

sealing or functional requirements for the valve assembly. To

adequately evalute the valve assembly in terms of cycle life capa-

bility requires a thorough knowledge of the state-of-the-art be-

cause cycle life for a particular type varies radically as size

or test parameters (i.e., temperature, pressure, actuation rate,

and fluid media) are altered. Also, the cycle life varies greatly

within a valve assembly as a result of design details (i.e., seal

loads, seal materials, seal shapes, and seal retention). In addi-

tion to the criteria related to the total number of required cycles

and the total storage life, the cycling is required during the life

of a valve, as well as whether or not the valve is dry or exposed

to the flow media during any idle periods. Proper design also

calls for an evaluation of what affect the duty cycle has upon the

czcle life for each of the valve assembly under consideration,

6) Other Design Criteria - The preceding design criteria are the

more obvious factors to be considered when selecting a valve assem-

bly design. A number of other factors also require consideration.

The environment requirements are typical of these. The operating

temperature range restricts the use of various seal materials and

results in a further limitation. For example, sealing of hot

gases cannot be accomplished using plastics or elastomers. Tem-

perature, also can influence design selection from a transient

aspect because the use of some designs are not desirable where

thermal shock is inv01ved or Where sealing is required during a

change in temperature. The environment also must be considered

with respect to vibration, acceleration , shock levels. This is

particularly important in selecting the valve and actuator com-

bination.

Exposure to vacuum constitutes additional design criteria. Vacuum

exposure limits sealing techniques by restricting the use of ma-

terials. It also affects design selection by restricting the use

of lubricants because many lubricants will boil-off at hard-vacuum

levels. The necessity for removing the flow media to allow for

safe handling or storage also must be examined. If a valve is to

be utilized in toxic fluids, the basic design must provide for

adequate fluid removal to allow safe handling during rework or

use. A need for the complete fluid removal could exist as a re-

sult of using corrosive or highly-reactive fluids having limited

times that the valve elements can be exposed to them.
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Any detailed design of the valve assembly should include the
method of actuation, method of operation, type of seat (hard or
soft), seat materials, poppet geometry, poppet materials, type
of fluid handled and manyother variables.

Compatibility with the environment is a life-limiting factor. Most
propulsion systems operate in two modesonly; maximumor zero thrust.
Hence, the pressure regulator used in this applicaton is normally
almost fully open, or closed with minimal cycling. Hence, the pres-
sure regulator problems maybe time dependent rather than cycle
sensitive. Extreme care must be exercised in the selection of
valve seat, seal, and dielectric materials to ensure functioning
after an exposure to space environments for i0 years.

An area of concern is the effect of elastomers in valves which are
idle for long periods. O-rings left in contact with metal for long
periods will "vulcanize" to the metal. The following guidelines
are recommended:

i) Always restrain Teflon on three sides. KeI-F has even more
tendency than Teflon to shear;

2) Keep Teflon stress below i0,000 psi to avoid extruding, and;

3) Use narrow seats to minimize the probability of contamination
causing leakage.

Jack Potter (MSFC)indicated special attention is given Teflon in
valve seat design to prevent cold flow. The suggested control
methods to be used are: (I) heat stabilization, (2) contain ma-
terial on three sides, (3) use a ball seat that is less sensi-
tive to cold flow. He warned that Teflon should not be used in
high pressure oxygen systems because of the flammability hazards.

The life of plastic seats can be adversely affected by creep.
Creep is defined in Reference 6 as the total deformation under
stress after a specified time in a given environment beyond that
instantaneous strain which occurs immediately upon loading. Inde-
pendent variables which affect creep are time, temperature, and
stress level.

An initial strain or deformation occurs instantaneously as a load
is applied to Teflon. Following this initial strain is a time
period during which the part continues to deform at a decreasing
rate. Creep data over a wide range of temperatures are plotted
for compressive loading in Figure 9.
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The creep properties of plastics under compressive load and the
deformation with time are discussed in Reference 7. Table 6 shows
that TFE's tendency to creep can be suppressed several hundred per-
cent by the addition of appropriate fillers.

Most creep occurs during the first 24 hours. After this, creep
falls off and the deformation curve stabilizes. Extrapolation of
Table 6 deformation measurementsat 24 and i00 hours should yield
a rough estimate of long-term creep. Of course, a temperature
rise reduces the compounds'creep resistance.

Once the deformation-produclng load is removed, both filled and
unfilled TFE resins show a plastic recovery; that is, the test
sample tends to return to its original shape. At room tempera-
ture, this recovery amountsto about 50%of the total deforma-
tion (if yield strain is not exceeded). Table 6 defines "permanent
deformation" as total deformation less room temperature recovery
after 24 hours.

The survey of manufacturers indicated they determine solenoid open-
ing (or closing) force margins in terms of voltage. Normal space-
craft voltage is 28 ± 4 VDCand the solenoid pull in voltage ranges
from 15 to 18 VDC. A force margin may then be computedusing these
data, a force margin goal of 300%is suggested. In addition to the
valve opening force, the closing force should be such that the valve
seats are not hammeredout because of excessive forces or a short
valve response time.

General long-life problems and alternative solutions have been
presented; however, long life cannot be obtained by merely apply-
ing general principles. Each specific solenoid valve and pressure
regulator application and its environment must be carefully analyzed
to obtain long-life with a high probability of success. Only
vendors with a history of success in space applications should be
considered to obtain long life. A discussion of the factors in
Table 7 is presented in Ref. 5 and 8.

b. Results of Indust_j S_vey - A general survey of the manufac-

turers and users of solenoid valves and pressure regulators was con-

ducted to ascertain the expected life of existing hardware and to

identify features which would enhance valve life in new designs.

The consensus answers to the questions posed are reported in Table

8. Table 9 presents the results of a second survey, the Specific

Component Survey. Comments from both surveys are noted throughout

the study.
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Table 6 Compressive Creep Properties of Typical Filled

TFE Compositions (From Ref. 5J

Property

Un- 15% 25% 15%

filled Glass Glass Graph-

TFE Fiber Fiber ite

20% 15%

Glass Glass

60% 5% 5%

Bronze Graph- MoS 2
ite

% Deformation @ 78°F_ MI)2 4.3 8.3 7.1 8.1 6.0

2,000 psi._ 24 hr. CD 3 6.7 13.4 7.5 9.5 5.3

% Permanent MD 7.9 4.1 3.9 4.4 2.5 4.9 3.8

deformation 1 CD 8.4 9.0 4.6 5.3 2.3 3.9 3.9

% Deformation @ 78°F, MD 16.3 12.6 8.9 I0.I 6.1

2,000 psi., i00 hr. CD 18.7 14.9 9.4 11.5 6.4

% Permanent MD 8.8 6.0 4.4 6.4 2.5 5.8 5.6

deformation CD 9.1 7.9 5.6 7.3 2.5 _. 9 5.5

% Deformation @ 500°F_ MD 30.1 16.6 10.6 16.0 10.6

600 psi., 24 hr. CD 32.8 27.7 27.8 15.4 8.4

11.3 9.6

12.2 10.9

% Permanent MD 17.4 11.9 4.9 12.0 7.1 8.4 6.4

deformation CD 19.2 16.2 17.9 10.8 4.9 8.4 6.8

I. After 24 hours recovery

2. MD = Parallel te the molding direction

3. CD = (Cross direction) perpendicular to molding direction.
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Table 8 Results of the General Manufacturing�Agency Survey -

Solenoid Valves and Pressure Regulator

QUESTIONS CONSENSUS ANSWER

I •

.

Be

.

De

e

.

Do you manufacture (use)

aerospace solenoid valves

and regulators? Usage?

What is the expected

llfe of subject part?

What failures have

occurred? What are the

failure causes?

What solutions do you

suggest for the above
failure modes that would

enhance the operational

life or increase the

probability of success?

To achieve long life,

what design features

should be incorporated

into the subject part

for space applications?

How did you determine

part life?

Did you test for

specific failure modes?

Yes, however the missions are relatively short

duration.

Solenoid valves and pressure regulators cycle

life ranges from 30,000 to 2,000,000 cycles. Most

storage lives are called out as 5 years, however,

aging of non-metallic parts are the only life limit-

ing factor.

System contamination resulting in internal

leakage is the most mentioned failure mode.

Other failure modes are: valve sticks, loss of

coil, fails to open. Regulator problems are:

sensing element capsule leakage, diaphragm or

bellows leaking_ damaged seats.

Control system contamination, solenoid valve

closing forces, and lower stress that valves

and regulators are exposed to. Place filters

upstream of critical components such as pressure

regulators.

Use welded body construction and weld components

into the systems. Consider inflight maintenance

of valves and regulators by using plug-in or

screw-in concepts. Subject valves to lower

stresses. Avoid the use of teflon due to

swelling or cold flow.

Analysis, FMEA's, life cycle tests and age

sensitive materials. Cycle examine for wear and

determine critical parts.

If there is an indication from FMEAs or analysis

of a different type of failure mode, then tests

such as foreign matter tests, or operating a valve

without an O-ring seal may be run to check for

leakage.
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Table 8 Results of the General Manufacturing/Agency Survey -

Solenoid Valves and Pressure Regulator (cant)

QUESTIONS CONSENSUS ANSWER

8. Is accelerated testing

and margin testing used?

. What process controls

are necessary for long
llfe?

Accelerated tests are mainly cyclic and the margin

tests are performed with pressure, temperature and
vibration.

Clean parts and their assembly in clean areas,

100% inspection of parts, 50 to I00 run-in

cycles, log of pressure limits for [egulators.

Thermal cycles are run on customer's request.
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a. Alternate Approaches - This subsection presents the alternate

components and methods which may fulfill the technical objectives

or approaches to alleviate life limiting failure modes of present

solenoid valves or pressure regulators.

i) Present Desi_s - A solenoid valve and a pressure switch

(called a bang-bang system) can perform the same function as a

pressure regulator. A comparison of the generic failure rates of

a bang-bang system versus a pressure regulator indicates that the

pressure regulator is somewhat more reliable.* The main reason

for selection of a bang-bang system on the Titan III transtage

was accuracy (approximately ±i.0 psi) which can't be accomplished

within a single stage modulating regulator. Thus, a pressure

regulator developed for a specific set of design constraint and

environmental parameters should be more reliable than a bang-bang

system. In long-life system designs, consider:

i) Using pressure regulators in lieu of a bang-bang system, and;

2) Employing an accumulator between states of pressure regulators

(if used) to reduce the coupling effect.

Manual actuator overrides are not normally required on spacecraft

valving, although they have been used in aircraft and missile

ground support applications. The manual override capability must

be considered in the evaluations of manned spacecraft systems

where it may affect overall system reliability. Manually con-

trolled valves have been used as primary and secondary controls

in the life support systems on the Mercury and Gemini capsules.

The use of manually controlled functions in these applications

simplified overall system design and improved reliability.

Further study is required on specific missions and systems to

maximize the advantages of man's adaptive and analytic nature

with respect to mission success probability.

If the particular system design permits, it may be possible to

circumvent the valve internal leakage problem by:

This reliability comparison is for accomplishing a pressure

regulation function only. If both pressure regulation and shut-

off functions are required, the bang-bang system may be more re-

liable because the solenoid valve could perform both functions.
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i) Employing integral burst discs in the valve, and;

2) Installing zero leakage ordnance valve(s) in series with the
solenoid valve.

2) Future Designs - Possible future designs are listed in the

following paragraphs. Sources of design details may be extracted

from the reference and bibliography lists.

TRW (Ref. 5 and 8) is studying a radial shutoff valve. Eliminat-

ing external shutoff valves for rocket engines by incorporating

a leakfree flow shutoff function within the venturi injector of

a rocket engine is desirable. The radial shutoff valve can per-

form the shutoff function by either expanding an internal poppet

against a circular seat or contracting an outer radial poppet

against an internal seat. In either case, the seating force can

be derived by an overtravel movement of the venturi or injector

pintle actuator with no wiping movement between the poppet and

seat. The advantages of this arrangement are:

i) Elimination of separate valve actuators;

2) Reduction in engine weight;

3) Long life because the poppet is seated in direct compression,

and;

4) Bubbletight shutoff due to the high closure pressure necessary

to seat a material such as Teflon.

A cone labyrinth valve developed by Smirra Development Company of

Los Angeles, California, employs a novel concept of seat-surface

contact. The flow control element of the valve accomplishes both

throttling and shutoff by the use of two concentric sets of flex-

ible metal blades. Throttling is accomplished by forcing capil-

lary flow through the labyrinth created by valve closure; the seal-

ing action results from the engagement of the resilient metallic

sliding surfaces. Because of all the metallic contact, the prob-

ability of cold welding in a vacuum may be greater than for other

types of valve seats. Some of the advantages of this design are:

i) High corrosion resistance afforded by the all metallic design;

2) Extreme temperature capability;
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3) Seats are insensitive to contamination because impurities are
scraped away;

4) Seal life is extended by self-sealing feature, and;

5) Sealing is maderedundant by the use of multiple seats.

Studies of "wet seals" are being conducted at TRWSystems. A
liquid/metal interface is introduced between the mating metal
parts to fill leakage paths and to permit adequate sealing at seat
stresses considerably below the yield strength of the material.
See Ref. 9 for more details on this approach and others.

GoddardSpace Center used thermoelectric cooling to freeze flow-
ing liquids. This unusual technique stopped flow in less than
i0 msec.

The use of electromagnetic forces to actuate the poppets has re-
ceived someattention. The poppet is attached to a hinged mech-
anism that has permanent magnets attached physically opposite
each other. The valve is openedby applying current in the
proper direction to the electromagnets. The valve is normally
latched closed magnetically. To hold the valve closed under
vibration environments, "reverse" current can be applied to the
electromagnets.

d. Expected Life - Reference i0 presents 37 proven valve de-

signs including key parameters (such as the expected life) and

salient features of the seat and closure mechanisms. These

mature valves were employed in aerospace applications and in-

cluded adaptations of all types of valves. Not all of the valves

listed were solenoid operated. The valves were divided into five

classifications, and the mean cyclic life of each classification

was calculated. The mean cyclic life of each classification of

"standard" quality aerospace valves is shown below. Since margin

testing was apparently not performed on these valves (or none

reported), the actual mean cyclic life may be higher than shown.
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Valve Classification Mean Cyclic Life (Cyc!e _)

Flat Poppet Seats

Conical Poppet Seats

8,125

18,750

Spherical Poppet Seats

"Space" Quality Long Life

38,714

1,500,000

Solenoid Only - Composed of

Previous Four Classifications 38,571

Eight of the valves had lives in excess of 50,000 cycles. One

Clary Dynamic's solenoid valve with a spherical poppet seat had a

2 million cycle life. Selected characteristics of the valves

listed in Ref. i0 are given in Table I0.

The consensus from the survey of manufacturers and users indicated

that a spring return solenoid valve and pressure reducing regulator

service life of i0 years without maintenance is currently possible.

The cycle life estimates ranged from 30,000 to 4,000,000 for

solenoid valves and from 30,000 to 10,400,000 for pressure regu-

lators. The component types were those used in ground applica-

tions and on spacecraft such as Gemini, Apollo, and Skylab in the

environmental control systems. These components are used in 02 _

and N 2 gas systems with pressures that range from 5 to 3000 psi.

From these data it is estimated (excluding high and low estimates)

a i0 year service life and 500,000 cycles are currently possible

with state-of-the-art solenoid valves and pressure regulators.

A i0 year service life and 1,000,000 cycles may be obtainable with

advanced state-of-the-art components.

Ref. ii indicates that the mission requirements are not this

severe. For example, the Mariner IV valves actuate about 9000

times per year. A typical planetary lander may require i0,000

valve actuations.

The state-of-the-art capability now exists to fulfill mission

requirements for solenoid valve life for Skylab and Viking. These

mission applications are all for less than i year. Solenoid valves

for military space systems operating for periods of up to 5 years

are currently within the state-of-the-art.
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Table 10 Selected Valve Parc_seters for Comparison (from Ref 10)

Manufacturer Type Rating Maximum Leak Rate Life (Cycles)

Plug Valves

1. Rocketdyne

2. Rocketdyoe

Plat Poppet Seats

1. Rocke tdyne

2. Bendix

3. Rocketdyne

4. Weston Ilyd. Lid,

5, Rocketdyne

Conical Poppet Scats

1, Rocketdyne

2. Benbow

3. Rocketdyne

4. Rocketdyne

5. Honeywell

6, Rockctdyne

Spherical Poppet Seats

1. NAI

2. Frebank

3. t{oneywcll

4. Rocketdyne

5. Randall Engr,

_, Clar) Dynamics

7. Rocketdyne

8. Aqualite

3/4 in. N

Rotating Cylinder

1.75 in. lox

Ball Valve

1 in. Relief VaLve

Pneumatic Thrust

Controller

3/4 in. Pressure

Regulator

Three Way Solenoid

Bipropellant

1.380 dia

Pressure Regulator

Pressure Relief

Three-Way Pressure

Actuated

1/4 in. Solenoid,
Axial Flow

Solenoid

4 in. Tank Vent

(KEL-F seat)

3/8 in. Solenoid

(17-4 PH against

17-4 PH seat)

Pressure Relief

Two-Way Solenoid

1/4 in. Solenoid,

Two-Way UDMH

I/4 in, Hyd Check

I/4 in. Solenod Two-

Way

Helium Pressure

Relief

Helium Pressure

Relief with Integral

Burst Disc

600 psig

-65 to |60"F

[800 psig

-320 to 160°F

iO00 psig

-30 to 160°F

225 pslg

30 to 160°F

5000 psig

-320 to 500=F

750 pstg

-320 to 160°F

800 pstg

-320 to 160°F

500 psig

-30 to 120°F

500 psig
-65 to 160°F

i000 psig

-30 to 200°F

325 psig

-65 to 160°F

300 psla

-65 to 165°F

60 psig
-300 to 1600F

5000 pslg

-423 to 160°F

100 psig

-450 to 300°F

300 psia

-65 to 165°F

280 psig

-20 to 160°F

3000 pslg

-300 to 480°F

200 psig

4000 psfg

-320 to 140°F

4650 psig

30 to I6OOF

(Te f lon-440 CRES

Seal)

15 scim

20 scim

2 scim of Air

0.08 stem of

N, at 170 pnl

25 scim bf tte

5 scim of tie at

-320°F

5 scim at -320°F

3 scc/hr of N,

2 ccm of llyd 0tl

10 ccm of RP-1

0.02 sccm of N

l.O scc/hr N; at

200 psi

200 scim He at

-290°F

iO scim of lie

5 sccm of Ite

1.0 scc/hr of N_

at I00 psig

0.5 sccm of He

Zero Bubble of N:,

5 Minutes

i0 ccm of Hyd

I0 sctm of lie

20 sctm of He

1,000

i,O00

1,000

1.000,000

i0,000

I0,000

2,500

5,000

50,000

i0,O00

iO,OO0

80,000

5,000

lO,OOO

50,000

5OO,0OO

(100,000 proven)

50,000

iO,O00

2,000,000

1,000

1,000
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The estimated minimumlives of both pressure regulator and solenoid
valves are approximately the same--500,O00cycles. Essentially
the sameminimumlives are to be expected because the valve seats
are the life-limiting factors in both cases. It is believed that
pressure-regulator valves for aerospace applications can be de-
veloped that have cyclic life in excess of one million because (i)
solenoid valve life in excess of one million cycles is possible,
(2) cyclic life of somepressure regulators in ground applications
has exceededmillions of cycles, and (3) the life-limiting factors
of solenoid and pressure regulator valves are essentially the same.

The estimated lives of pressure regulators were statistically less
significant than those estimated for solenoid valves. Therefore,
it is suggested that all prospective suppliers of future pressure
regulators be very carefully screened as to their knowledge and
experience with pressure regulator usage in space applications.
In summary,solenoid valves and pressure regulators for long-life
missions such as Shuttle are feasible if the materials in contact
with the fluid or gas mediumare completely compatible for these
long durations. Accelerated life tests of material/environment
compatibility need to be accomplished and provide affirmative
results before one can be certain that a particular valve design
can survive a lO-year space environment.

e. AppZication Guidelines - Inflight maintenance developments

exist for both plug-in valve modules and screw-in assembly modules.

These units have been tested successfully on 300 psig systems.

The use of permanent tubing connections is preferred to recon-

nectable mechanical joints to minimize external leakage. Not

all the mechanical joints in a gas or fluid system can be of the

permanent type. It is recommended that line replaceable units

(LRUs) be defined consisting of logical modular groups of com-

ponents assembled as a unit. The modular groups of components

can be assembled using permanent mechanical joints; then, if a

component fails or is operating out of limits, a whole modular

group can be replaced using separable mechanical joints. This

modular replacement concept would reduce the number of separable

mechanical Joints in a system and still be consistent with future

manned missions.
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n. TEST METHODOLOGY AND REQUIREMENTS

i.

,

Development and Qualification Testing

The survey of manufacturers indicated that testing for specific

failure modes is not normal practice. However, if prior analysis,

such as the FMEA's, indicate a peculiar type of failure mode,

they may try to duplicate this failure during the development

tests.

Margin tests were performed mainly for over pressure conditions;

however, other parameters subjected to margin tests are tempera-

ture, vibration and closing forces.

It is recommended that contamination tests be conducted on critical

components to determine the level of contaminant that the compo-

nent can tolerate. For example, a contamination test (Ref 12)

was conducted on 17 components that were determined to be sensitive

to contamination. Contamination, in excess of the recommended

cleanliness levels, was purposely injected into the system to mea-

sure component performance in a highly contaminated system. All

the components except the pressure regulator operated properly
throughout all tests with no-degradation caused by_C6ntamination.

The pressure regulator (i000 psig of N 2 inlet pressure and the out-

let pressure setting of 120 psig) failed. The regulator was highly

sensitive to contamination due to a small (0.161 in. diameter)

poppet seat. The failure was caused by erosion of the main poppet
seat as a result of the high velocities across the small seat area.

It was recommended that dual-element filters be placed upstream of

the pressure regulator. It was further recommended that a single

cleanliness specification be referenced on all component specifica-

tions, system engineering, and applicable procedures.

Accelerated Life Tests

Most valve specialists believe present accelerated testing methods

are unreliable, but utilize them since more valid techniques are

not available.

Accelerated testing of valves is generally accomplished in several

phases, and not by a single test. For example, the cycle life of

the valve is commonly verified by using an increased cycle rate.

Although this test is very widely used, it does not cope with time-

dependent phenomena which may be present such as creep, corrosion,
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metal diffusions, etc. For long life valves, it is desirable,
but not always feasible, to design out or minimize the time-
dependent failure mechanisms. Whenthis is accomplished, the
increased cycle rate test yields a valid cycle life projection.
The cycling rate must be constrained to prevent secondary effects
such as local depletion of lubrication, local hot spots due to
friction, or overheating due to power of the solenoid.

Whentime-dependent phenomenaare present, these must be identi-
fied and subjected to the appropriate test evaluations, which in
manycases, can be accelerated by increasing the temperature. A
classic example of an aging mechanismthat is somewhatindependent
of cycle life (depending on the specific valve) is the cold flow
or creep that mayoccur during long dormant periods with a Teflon
seat or poppet. It has been demonstrated that Teflon seats with
unit stresses to 4000 psi can be designed for long life, with very
astute seat design.' However, an accelerated high temperature test
is needed to verify the absence of cold flow. Empirical data from
the Martin Marietta Aerospace indicates that valve seats under
normal load for 2 weeks at 150° C should demonstrate a I0 year
capability for valves operating at or below room temperature, but
experimental data is required to validate this.

Another exampleof an aging mechanismis the potential bonding
of the seat and poppet when subjected to high bearing stress for
long periods of time. This problem is addressed in a current
study by TRWfor JPL (Ref 13) is entitled "Study of AdvancedTech-
niques for determining the Long Term Performance of Components".
TRWconducted diffusion tests in which copper and chromiumplated
Inconel, representing the seat and poppet materials, were clamped
together with a load of about 33,000 psi and subjected to 500°C
for times of i0, 200, and 400 hours. Bonding did not occur, and
since it was estimated that the acceleration factor of the 500°C
test was about i00, this couple would not experience bonding for
at least 5 years. Although bonding did not occur, mechanical
adhesion did occur, due to deformation of the copper, causing it
to be "locked in" on the uneven surface of the chromium. TRW
concluded that this technique appeared valid for evaluating metal
seat-poppet couples, and plans additional work in this area. It
was recommendedthat corrosion tests should also be accomplished
before and after diffusion to establish if any net material trans-
fer affects the extent of corrosion or its mechanism.
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Yet another example of aging and environmental mechanisms is in

the valve solenoid. Long term stability of the potting compound

needs to be verified by materials testing methods such as the

Thermogravimetric analysis (TGA) technique. Accelerated tempera-

ture cycling should then be conducted on the potted solenoid to

establish compatibility between the thermal expansion character-

istics of the potting and the small wires which are more subject

to failure with hard, non resilient, potting compounds.

Martin Marietta Aerospace personnel are predicting long term be-

havior of the mechanical properties of polymers _and composites

based on short term tests. Of interest are tests at high temper-

atures, where kinetics of polymer degradation occurs at an ac-

celerated rate. An effective short-time testing method is thermo-

gravimetric analysis. This technique requires only two hours for

data acquisition. A very small sample of polymer is taken through

total decomposition by increasing the temperature by a predeter-

mined rate, say 10°C/minute. The results of investigations re-

ported in Ref 14 show that the TGA method does adequately predict

the kinetics of large samples at normal use temperatures.

S. H. Kalayan, et al. in the JPL Quarterly article, "Long Term

Aging of Elastomers" (Ref 15) relate that analysis of kinetic
data obtained indicate that the fluorosilicone rubber will show

negligible chemical degradation at room temperature (20 to 25°C)

for very long periods, i.e., several decades.

TRW (Ref 13) also reports on a study of acoustic signatures.

This subject is also under investigation by GE (Ref 16). The

transmittance of acoustic energy through a component provides a

sensitive method of detecting changes or anomalies in the dis-

continuities within a valve. A change in the signature can be

an indication of a degradation or aging process or an indication

of a defect. This technique is not in itself an accelerated test

method, but it is an instrumentation method with the potential

of detecting and measuring some aging phenomena. In some cases

the trend data, could probably be extrapolated to provide an

end-of-life prediction.

Life Tests

Nine Titan III Transtage attitude control valves (Moog, Inc.,

series redundant, monopropellant, Model No. 50-315A) are presently

being subjected to a 5-year storage test to determine performance

degradation versus storage time (Ref 17). Periodically during

this storage phase, tests are conducted including: visual in-

spection, pull-in/dropout current, response, and leakage. A
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sensitivity of each valve's pull-in current requirements to ex-

ternal magnetic factors is observed. The valve, as evidenced by

the test results, has performed within specifications. This pro-

gram will continue through August 1973 at which time a final re-

port will be published covering the entire storage test program.

Sufficient historical data is not yet available to confirm a 10-

year service llfe in the space environment. It is recommended

that data be accumulated as available from existing programs for

the specific purpose of evaluating life trends.

Screening and Wear-In

The survey of manufacturers and users indicated that a modified

wear-in is run on the pressure regulators in which the unit is

cycled 50 times and adjustments are allowed to assure the regula-

tor is operating within limits. The unit is then cycled another

50 cycles to verify it is regulating pressure within limits.

Another wear-ln consisted of 5000 cycles where calibration was

allowed after each i000 cycles.

A record tag is maintained on each unit to verify the regulator

is functioning within limits. The regulator is calibrated at

regular intervals, say i00 cycles. It is recommended that calib-

ration logs be kept on pressure regulator assemblies to determine

if the unit is drifting out of limits prior to service usage.

Normally the wear-ln for both solenoid valve and pressure regula-

tors ranges from 50-100 cycles.

Apollo Helium Pressure Regulator Test History

The initial design of the regulator assembly included two dual

stage regulating units installed in parallel for the gas pressur-

ization system (normally active unit and the alternate unit).

Outlet pressure regulation requirements for the primary stages

were 168 ± 4 pslg and 181 ± 4 psig (secondary stage) at helium

flow rates of 6 to 9 ib/min, and at inlet pressures varying from

4500 to 350 psig.

Qualification testing for Block I was performed during 1956. Al-

though the two units met the qualification test requirements, the

primary stage of the regulator leaked excessively after endurance

cycle tests. The regulator internal leakage specification limit

of 80 scc/min, was satisfied, however, only because leakage through

the redundant secondary stage was less than the required limit.
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Off-limit testing consisting of vibration, endurance and rupture

burst tests, was completed in early 1966. The regulator complied

with all performance requirements except during the endurance test.

The repeated high energy pressure impacts of a quick opening fa-

cility solenoid valve just upstream of the regulator loosened a

screw on the surge arrester piston, and the screw fragmented and

caused extensive internal regulator damage. The unit was refur-

bished and testing was continued, but regulator internal leakage

was excessive. The Block I regulator was certified June 1966.

The Block II regulator was modified by the addition of a filter

at the inlet port, the elimination of metering orifice sizing

pins and reduced orifice diameters. The regulating tolerance

band was increased to ±7 psi. This change was necessary because

Block I testing showed that the regulator could not operate within

±4 psi tolerance. Engine performance analysis showed that the

increased tolerance band was satisfactory for the Apollo mission

and the Block II procurement specification was revised to incor-

porate the ±7 psi pressure regulation tolerance. Block II qual-

ification testing was completed in 1966 and the unit was certified

in 1968.

Failure Mode Detection

The response rate and drift in the response rate of all pressure

regulators should be measured before flight. If the response rate

exhibits a definite decreasing trend, then the regulator should

be considered suspect and replaced.

Similarly trend monitoring of the response rate of solenoid valves

should be accomplished to predict the onset of failure. For a

single, long duration mission, it will be necessary to conduct

repetitive response rate tests prior to flight to obtain the trend.

For the Shuttle missions, the response rate could be recorded prior

to each use, and the trend established from flight to flight.
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El PROCESS CONTROL REQUIREMENTS

The contamination control requirements and parts inspection covered

in the check valve chapter apply also to solenoid valves and pres-

sure regulators. To reiterate_ parts should receive ultrasonic

cleaning and assembly in either clean rooms or on laminar flow

benches. The cleanliness requirements should include the compo-

nents, fluids, and systems. The clean room specification should

be such that contaminant size is less than that specified in the

valve design specification as being acceptable. The minimum clean

room requirements should be specified in the procurement specifi-

cation. The Skylab program required that system cleanliness must

extend across interfaces with other contractors.

Customers requirements for critical processes should be called

out in the procurement specification. Most manufacturers con-

tacted in the survey stated that plating, heat treat, and rubber

products require strict process control.

IX-65



F. PARTS USAGE CONSTRAINTS

The particular designs which are suspect for long life applications

are described below.

Gate and tapered plug types of solenoid valves are susceptible

to sticking if not properly designed. The slide in gate valves

must be thick enough to prevent warpage and hence high frictional

forces are introduced under loads. Warpage permits galling and

subsequent contamination and leakage. The required torque for

tapered plugs is a function of pressure differential and the valve

can "lock-up" if not correctly designed. Tapered plug valves are

not recommended for general aerospace applications. Avoid designs

with plunger seals which would allow leakage into the solenoid

valves. Long-duration space missions present a few additional

environmental considerations for the valve designer beyond those

considerations for earth environment application,

The effects of high vacuum on the sublimation of most materials

employed in solenoid valves is not considered a serious structural

problem. However, because metals (including plating) that sublime

from a warm surface could condense on a cooler surface creating

electrical shorts, etc, materials having a high sublimation rate

should be avoided. The sublimation rate of material varies di-

rectly as the equilibrium vapor pressure for that material. Cad-

mium plating is a poor material to use in a space vacuum because

it has a high vapor pressure. For very long space mission, elec-

trical insulation and thermal protective coatings could suffer

radiation damage if radiation exposure is not considered in mate-

rial selection and design. References 18 and 19 present data to

assist the engineer in material selection for space environments.

Careful design and material selection should provide the necessary

structural integrity and minimize any structural life-limiting

problems.

|

|
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X. THERMAL CONTROL VALVES

A. INTRODUCTION

lo

Thermal control valves are installed in a coolant system for the

purpose of regulating coolant flow through a heat exchanger to main-

tain required atmospheric or equipment temperature. Thermal con-

trol valves may be used to control fluid flow through an external

space radiator to maintain a constant temperature at the radiator

outlet. An example of this application is depicted in Figure i.

They can also be used internally in the space vehicle to divide

the coolant flow between equipment and atmosphere heat exchangers.

In this application, the electronic equipment is adequately cooled,

and the space vehicle atmospheric temperature can be controlled

using the heat generated from the electronic equipment.

Valve Types

Thermal control valves for the above applications are normally

three-way (three ports) and can be categorized into two general

types. The Type A design incorporates the temperature sensor and

control mechanism within the valve housing, and valve power element

operation is similar to that of a thermostat valve for an auto-

mobile engine. This type is completely mechanical, and requires

no external temperature sensor or electrical power.

The valve cylinder is positioned by forces generated within an

internal power element containing a wax-type material with a high

ceofficient of expansion. As the discharge coolant temperature

changes, the wax-type material expands or contracts, reposition-

ing the valve cylinder to maintain a relatively constant discharge

temperature (see Figure 2 for a hysteresis curve of the sensing

element which shows the relatively short piston displacement).

An attractive feature of this type of valve is that it eliminates

the need for a separate external sensor and controller/actuator.

This allows a high system reliability and reduces overall system

weight. Some disadvantages of this type of valve are: (i) tem-

perature control accuracy is limited to a range of approximately

i2.8°C; (2) response time is relatively slow; and (3) the valve de-

sign does not lend itself to simple adjustment or change in control

point. A failure of the sensor or positioning mechanism would

require system shutdown and valve disassembly for repair. An ex-

ample of a Type A valve is illustrated in Figure 3.
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The Type B design is a valve that requires positioning of the valve

stem by an external electronic controller/actuator assembly, and

also requires that a separate temperature sensor be installed in

the piping at the point where temperature control is desired. The

sensor, normally a resistance element, provides the intelligence

to the valve controller/actuator. The valve is positioned to satisfy

the sensor and accomplish temperature control. The Type B design

is capable of controlling to ±.5°C or better. It can be readily

adjusted through a wide range of set points and offers fast re-

sponse time. Another advantage of this design is that the con-

troller/actuator and sensor can be readily replaced should a

failure occur, without interrupting coolant flow. Disadvantages

of the Type B design in comparison with Type A are reduced reli-

ability of the overall system (including controller and sensor)

an increased system weight. An example of a Type B valve is il-

lustrated in Figure 4.

B. GUIDELINES FOR LONG-LIFE ASSURANCE

l,

Service life estimates for thermal control valves (TCV's) used in

fluid systems with internal temperature sensing ranged from 5000

hours to three years and from 8000 cycles to 20,000 cycles. The

cycle life of TCV's used in fluid systems with external tempera-

ture sensing is 15,000 cycles (by test) and a three to five-year

service life is obtainable. The TCV service life requirements

cannot be met for long duration programs unless maintenance and

restoration is permitted.

Listed in the order of most probable occurrence, the TCV failure

modes are:

i) Failure to modulate flow within limits;

2) External leakage.

Design Guidelines

Due to the relatively short service life of current TCV designs

it is suggested that:

l) TCVs be designed for both manual or automatic operation

whether the temperature is sensed internally or externally,

to provide additional flexibility in manned space vehicles;

X-5



,-t [--I

0

t.4 _.I

0 _' I::U

/ J L<'

0
•1"4 rJ

0 0

0

r_

q.5

°0

X-6



2) The designer consider modular replacement ease;

3) Standby redundancy be used when the life limiting failure
mode for a TCV is wearout.

4) Design large flow paths (areas) through thermal control valves

and main sealing surfaces to reduce flow velocities and ero-

sion of seats.

5)

6)

Configure housings (as far as possible) to eliminate areas

that can entrap contaminants. Use a "swept by" design where

flow will tend to pass contaminants through the component.

Insure that materials are compatible with the working fluid

including maximum expected fluid impurities. The evaluation

must consider dynamic as-well-as static applications and must

consider temperature, pressure, and phase variations of the
fluid.

7) Minimize component induced contamination:

a) Material selection should consider the effect of wear

particle size on useful life. Particle sizes vary as the

Young's Modulus divided by the square of the compressive

yield stress;

s)

b) Use rolled threads in preference to machined threads to

minimize burrs and achieve higher strength;

c) Minimize dead-end passages and capillary size passages.

Leaks due to contamination are minimized if the seat loads

are sufficient to plastically yield a trapped contaminant

particle on the sealing surface. System contaminants must

be identified to determine particle size and material prop-
erties.

9) Avoid sliding parts; they not only induce contamination, but

entrap contamination.

I0) _ Develop valving elements with quick opening areas to preclude

chattering, instability and high seat velocities.

ii) Spherical or tapered poppets are recommended. These poppets

are self-aligning, but require precise alignment of the seat

and the poppet assembly.
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12) Insure guiding of poppet onto seat to allow for maximumalign-
ment and eccentricity tolerance (i.e., use a large length/

ring surface to guide ratio - minimum2:1).factors should be used in conjunction with high
seat loads since low seat stresses are desirable for long
life.

14) Lipseals supported with a back-up ring to resist undesirable
influences of pressure loading are superior to designs without
this provision. It is recommendedthat lipseals guiding
piston rods or poppets use back-up sealing rings in addition
to the main lipseal.

15) To minimize transient stresses due to poppet travel, provide
positive stops at the end of travel.

16) Seal retention methods shall prevent seal distortion, creep
or dislodgement.

17) Reducedlife due to vibration sensitivity is minimized by
decreasing available clearances in bearings and guides, avoid-
ing large overhung moments, and restraining lateral motion
of poppets.

18) Control stress corrosion by avoiding stress corrosion sus-

ceptible materials or design parts to operate at low stress

levels.

19) Justify the use of dynamic seals. They are subject to wear

and cause unpredictable drag.

20) Control external leakage by:

a) Requiring welded valve body construction;

b) Requiring vacuum melt bar stock;

c) Impregnating valve casting with sealant.

21) The solenoid open and close force margin goal is 300%. Fail-

ure of the poppet to open (or close) may be caused by bind-

ing of the plunger or insufficient solenoid force.
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22) Prevent insulation deterioration and subsequent solenoid shorts

that can lead to reduction in electromagnetic force by"

a) Coating solenoid valve lead wires with an abrasive re-

sistance covering;

b) Taking special precautions when joining the lead wire to

the solenoid coil wire;

c) Potting coils and lead wires to prevent movement during

vibration and operation;

d) Using wire gages less than 40.

Process and Control Guidelines

i) Ultrasonically clean valve parts; assemble in specified level-

clean areas, and govern by a single contamination control

specification during test. This same control specifiaation

should also govern the test fluid media used.

2) Use a fabrication barrier (bag) to protect clean parts. Con-

sider using nylon or polyethylene to prevent creation of con-

tamination due to chaffing of the barrier by the parts.

3) Vendor controls shall guarantee that the valve contamination

particle size and count will not exceed specified limits.

Documentation is required.

Test Guidelines

i) Conduct contamination susceptibility tests during development

to determine the level of contaminant that the valve can
tolerate.

2) Perform 50 to i00 run-in cycles to eliminate components with

latent manufacturing defects.

3) Do not rapid cycle valves for functional verification in a

dry condition because the lack of fluid damping can increase
seat stress and reduce life.

4) Conduct life cycle endurance tests under operational condi-

tions. For long-life applications, the valve cycle life

parameter must be known.
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5) Test for corrosion of materials in the presence of the work-

ing fluid and the maximum expected impurities expected during

operational life. Evaluate pitting and stress corrosion as

well as penetration rates over a large surface area.

6) Consider use of holographic terferometry test methods for fluid

compatibility evaluations. These methods allow evaluation of

the onset and time variation of the corrosion process and per-

mit three dimensional evaluation of localized effects.

7) After operational valve use, measure the response character-

istics of the valve and perform trend analysis to identify

wear trends.

8) Perform leak checks after valve use and subject data to trend

analysis.

Application Guidelines

i) To avoid contamination and to prevent leakage, install com-

ponents into systems using permanent connections, such as

welded, brazed, or swaged connections rather than reconnec-

table Joints.

2) The controller/actuator of a Type B valve can be readily

replaced without interrupting coolant flow.

3)

4)

System design should identify the Line Replaceable Units

(LRUs) consisting of individual valves or groups of valves

for ease of remove/replace activities in the event of com-

ponent malfunction.

A solution of long-life and reliability problems is the ap-

plication of valves into standby redundant configuration.
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C. LIFE LIMITING PROBLEMS AND SOLUTIONS

l, Failure Mechanisms Analysis (FMA)

Summarizing from Table i, the failure modes of the TCV in order of

most probable frequency are:

i) Valve instability or internal leakage causing failure to modu-

late flow within limits, and;

2) External leakage.

a. Failure to Modulate Flow Within Limits - The prevalent life-

limiting factor of the internal temperature control valve mechanis_

is the dynamic seal that prevents leakage around either the valve

stem or other mechanical linkages between the valving element and

the actuating device.

Studies of the Skylab Airlock Module valves, showed that leakage

around the valve stem would be lost from the system and would

eventually cause system failure, inadequate sealing of the valve

used on LM or Titan IIIC would cause excessive internal bypass of

coolant between the temperature sensing portion of the valve and

the flow regulating portion of the valve. This would degrade the

system capability to control temperature.

Recommended solutions to the seal leakage problems are:

i) Develop and test a packless valve that uses a metal bellows

around the valve stem instead of conventional valve packing;

2) Develop and test superior seal materials;

3) Design a system that will allow convenient replacement of

failed parts in the space environment without compromising
performance.

Valves being manufactured for the Skylab Apollo Telescope Mount

(ATM) coolant system by LTV already incorporate the metal bellows,

packless valve concept. These valves have been tested under earth

environmental conditions through 15,000 cycles, or an approximate

equivalent of 2 years operating time. Valve bellows have been

successfully tested through i0 x 106 cycles.
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Mr. J. Potter (MSFC) stated the primary problem with the Type A

TCV is leakage and contamination resulting in system temperature

out of limits. The primary problem with the Type B TCV is insta-

bility because the sensor is located away from the valve element.

External leakage occurs due to leakage through the valve body

static seals. This problem can be eliminated by welding the valve

body sections.

No method exists to determine internally sensed TCV status, whether

it is functioning or not, except by system instrumentation. Ex-

ternally sensed TCV valves can be monitored (whether it is open

or closed) by position switches.

Design

a. Selection Criteria - Table 2 shows a design factor for long

life assurance that should be considered in TCV design. The ex-

ternally sensed TCVs are used to modulate flow control to maintain

a cold plate inlet temperature within ±.5°C limits. The internally

sensed TCVs are also used to modulate flow control but have a much

slower response and hence are used in applications where the tem-

perature tolerances can be greater.

b. Results of Industry Survey - Five companies were contacted

that have experience in the design, development, manufacture and

test of thermal control valves for space vehicle applications.

Connnents of personnel of the five companies are summarized in

Table 3. The companies contacted were Garrett AiResearch,

Janitrol, Hamilton Standard, AC Electronics, and Ling-Temco-

Vought (LTV). LTV is providing a TCV with external temperature

sensing for the Skylab ATM equipment. Thermal control valves with

internal temperature sensing have been furnished for NASA and

military programs by the other companies.

The LTV valve is a reed, or "flapper," type three-way valve.

It is controlled by a remote sensing element and an electronic

controller and is positioned by redundant torque motors. The

design of this valve utilizes essentially the same concepts as

the TCVs used on the Apollo Block II flights. This type of

valve was also recommended for the Shuttle program. It has a
stainless steel bellows instead of conventional non-metallic

seals to reduce the probability of valve leakage. The LTV repre-

sentative indicated that the valve had never been tested to fail-

ure (no margin testing), so operating life was unknown. Ap-

parently, valves have been tested without failure for 15,000
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Table 2 Design Factors for Long-Life Assurance Part/Component: Thermal Control Valves

DESIGN FACTORS REMARKS

Clesrance between

sliding parts

Valve actuation

force margins

Seat configuration

Dynamic seals

Static seals

Materials compatibility

Contamination lodged between close fitting parts

in the valving mechanism can cause sticking or

cocking, areas that can entrap or cause contamina-

tion buildup should be eliminated.

Conservative force margins are necessary to

provide sufficient force to control and modulate

fluid flow through the valve.

Fluid flow around the valve seat may cause

turbulence and high pressure drop. Metal to

metal seats are used in these designs because

the leakage requirements are not stringent.

Dynamic seals are subject to wear and aging and
should be avoided.

Brazed or welded Joints are preferred to captive

types of seals for valve construction. Also

non-separable mechanical joints are preferred

to separable mechanical Joints but the use of

modular component assemblies should be investi-

gated.

Avoid plating of internal parts exposed to fluid.

If polymers are used in valve construction, the

effects of the propellants,

temperature, vacuum, must be analyzed.
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Table 3 Results of Manufacturing/Agency Survey -

Thermal Control Valves

QUESTIONS CONSENSUS ANSWER

I°

2,

3.

H_s your company been

involved in the design,

development, manufacture

or test of thermal con-

trol valves for use in

a space vehicle environ-

ment? Which vehicles?

What is the expected

life of the thermal

control valves?

What failures have

occurred? What are

the failure causes?

4. What solutions do you

suggest for the above

failure modes that would

enhance the operational

llfe or increase the

probability of success?

5. To achieve long life

what design features

should be incorporated

into the thermal con-

trol valves for space

applications?

6. How did you determine

part life?

7. Did you test for speci-

fic failure modes?

8. Is accelerated testing

and margin testing

used?

9. What process controls

are necessary for long

llfe?

Yes, TCV's have been supplied for Mercury, Gemini,

Titan Ill, Apollo, and Skylab Programs. The service

lives vary from 7.5 hours to 8 months.

TCV's - internal temp sensing 5000 hr to 3 yrs and

from 8000 to 20,000 cycles (estimate).

TCV - external temp sensing 3 to 5 yrs service llfe

and up to 15,000 cycles (by test).

The internal temp sensing TCV experienced a dynamic

seal problem which allows the wax to leak and the

temp limits to drift. The external temperature

sensing TCV has experienced an instability problem

because the sensing element is a great distance from

the valve.

Develop a packless valve, eliminate sliding seals,

provide a manual override, and Join the valve

together with a weld.

Provide for inflight maintenance of failed valves.

Redesign the valve by eliminating the sliding

contact by: a rubber boot and flexure of the pis-

ton or encase the piston with a bellows.

Due to the relatively short llfe requirements -

llfe was based on cycle requirements and test data.

The seal problem was anticipated and one company

devised a high temperature test to check seal.

No, however, cycle tests were performed. Skylab

refrlgeration system is operated 43 to 45 days on

ground prior to launch.

Parts are 100% inspected, cleanliness requirements

are necessary as noted in the other valve studies,

and the piston surface finish is critical. One com-

pany would check the valve after cycle tests were

performed to determine the variation in displace-

ment of the valve piston, a difference of greater

than 7% was cause for rejection.
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cycles and bellows have been tested without failure for i0 million

cycles. This suggests that the operating life goal of i0 years

may be attained with this design, depending on the number of cycles

per hour required to maintain system control.

The TCV with internal temperature sensing manufactured by Hamilton

Standard for the LM thermal control system used Viton A and sili-

cone seals. These seals were satisfactory for the 48-hour mission

operating time. However, the representative contacted believed

that sufficient experience and test data was obtained to indicate

that significant design changes would be necessary to achieve an

operating life goal of i to i0 years and that maximum attainable

life could only be determined after further design, development,

and testing is complete.

The valve used by AC Electronics to control temperatures for the

Titan IIIC guidance equipment was required to operate only 7.5

hours in flight. However, qualification testing, operation of non-

flight hardware and checkout of flight hardware have resulted in

accumulation of an estimated i000 hours of troublefree operation

of a single valve. In addition, two valves have received 500

cycles each and two other valves received i000 cycles each. Basing

his judgment on that experience, the AC Electronics representative

stated that design improvements and testing could extend the life

of their valve to approximately 3 years.

Garrett AiResearch is presently manufacturing and testing TCVs

for the coolant system for the Airlock Module, Multiple Docking

Adaptor and Orbital Workshop for Skylab. Company representatives

estimated an operating life of 8000 cycles, but information was

not available on the number of valve cycles required per hour for

system operation. Actual required operating time for the valve is

140 days (3360 hours) out of the total 8-month mission. This in-

dicates that variations in system cooling load, and fluctuations in

radiator ambient temperature would require approximately 2.4 equiva-

lent valve cycles/hour to accomplish system performance. The actual

operating life of this valve will not be determined until comple-

tion of system testing by the McDonnell Douglas Corporation. A

Garrett AiResearch representative estimated that a 2-year operating

life was attainable, with additional research, development and test-

ing.

In general, operating life requirements for current space vehicle

applications have been relatively short, the longest being a 14-

day Apollo mission. Maximum design life for the Apollo thermal
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control valves is 500 hours, with qualification testing for 1200
hours. The Mercury and Gemini programs also used thermal control
valves, but for short operating periods.

c. Alter_ate Approaches - A trade study was completed by Martin

Marietta Aerospace to consider the thermal methods for long life

applications up to 10 years. This study (Kef. i) examined fluid

loop, refrigeration system, heat pipes, and passive methods. The

study recommended the use of a liquid coolant system similar to

those described for Skylab to cool electronic equipment. This

system would use thermal control valves to regulate coolant flow

through an external radiator to control temperature.

Valve reliability is a major consideration in the design of low

thrust systems. Reference 2 describes a flow-control device

which, in certain cases, allows one to eliminate mechanical valves

from the system. The resulting, "valveless design" has the ad-

vantage of high reliability, low leakage rate, and the feature of

being fail-safe. The primary disadvantages are response _imes

that are on the order of minutes, larger power requirements than

those of the equivalent mechanical valve, and a general limita-

tion to systems of less than approximately 10 -2 ibf thrust. In

many low thrust space applications such as drag makeup, station

keeping, orbit adjustment, and satellite inversion where very

small thrusts are used for extended periods of time, thrust start-

up and termination times on the order of minutes are acceptable.

The principle involved utilizes the phenomenon of solid-vapor

phase change associated with subliming substances. In this

respect, the valveless design is limited to applications suitable

for subliming solid thrusters. Flow control for the valveless

design is affected by placing a condensing element at some point

in the propellant delivery line. The condensing element can be

a screen or porous plug upon which the propellant condenses to

terminate flow. Flow is terminated by allowing the screen tem-

perature to fall below the equilibrium value; as a result, the

propellant is condensed on the screen and eventually blocks the

flow through the pores. Resumption of flow is effected by

reversing the process and heating the screen to a temperature

above the equilibrium value, thus causing the condensed propel-

lant to vaporize and reopening the pores to flow. Thermal con-

trol of the condensing element is maintained by an electrical

heater used in conjunction with a heat-rejection device such as

an optical solar reflector.
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d. Operating Life - The maximum demonstrated TCV life of those

surveyed was only 1200 hours. Maximum life demonstration of cur-

rent NASA programs will be 3360 hours and 8000 cycles for Skylab

applications. The estimates of mean life of TCVs with internal

temperature sensing varied between 1 and 3 years. It is believed

that a 3 year service life can be obtained using state-of-the-art

and hi-rel part controls for TCVs with internal temperature sens-

ing.

Cursory life estimates for TCVs with external temperature sensing

using metal bellows were as high as i0 years. Manufacturer's rep-

resentatives had no data to substantiate their estimates. A long

life study of solenoid and pressure regulator valves in this re-

port and in Reference 3 indicates that the mean lives of standard

aerospace quality valves could be i0 year service life, 500,000

cycles, or both. A TCV using external temperature sensors uses

design methodology basic to all valves, seals, and mechanisms.

It is believed that the service life of the subject TCVs (Type B)

could be 5 years, i00,000 cycles, or both. The lives of hi-rel

valves could be longer.

Further advancements in the state-of-the-art must occur before

space vehicle thermal control valves with a i0 year life are

assured. Extensive testing and possible design improvement of

both internally and externally actuated valves must be accom-

plished before a realistic appraisal of attainable operating life

can be established. Also, the alternate approach of accomplish-

ing the required lO-year life by designing the thermal control

system for replacement of valves in the operating environment

should be explored further.

e. Application Guidelines - Maintainability was not a prime con-

sideration in the design of thermal control systems for previous

space programs. Flight duration was relatively short, and the

philosophy was to provide assured system performance by design-

ing for high reliability. Apparently this same philosophy is

being followed for thermal control system design on the Skylab

program, which has a mission duration of approximately 8 months.

No provision for restoration or replacement of TCV components

on Skylab has been made to ensure continued system performance

throughout the mission.

As the aerospace industry plans for the longer missions of up to

I0 years, maintainability considerations require greater concern.

X-18



Although a theoretical analysis might indicate that a sufficiently
reliable TCVcan be designed to give trouble-free operation for
long periods of time, considerable development effort plus extens-
ive testing in a simulated space environment will be required to
provide the necessary confidence that long life has been achieved.
An alternate approach is to emphasize maintainability and reduce
the scope of development and testing of valve designs.

Somemaintainability considerations for design of thermal control
valves are:

i) Possible use of quick disconnect fittings on valves or modules
to allow fast removal and replacement.

2) Methods to isolate, drain, and refill valves with coolant
while performing maintenance in a space environment.

3) Maximum use of manual overriding controls without compromis-

ing high reliability during the normal, automatic control
mode.

4) Provision for separation of gases trapped in the coolant

system during valve replacement.

5) Provision for additional onboard storage space and increased

weight capacity to accommodate spare parts.

6) Increased valve complexity and weight to satisfy the modular-

ized, quick removal approach.
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D. TEST METHODOLOGY AND REQUIREMENTS

i.

,

.

_Qualification and Accelerated Tests

Qualification tests should be run for all extreme operating condi-

tions. During testing of the LTV Type B valve for the Skylab ATM,

the valve failed to maintain the temperature within limits when the

radiator fluid outlet temperature was lowered to its minimum ex-

pected value. The problem was evidently caused by a flow insta-

bility that was corrected by dampening the valve spring force.

Neither of the two valve types have received accelerated testing.

Margin tests were performed on pressure, valve force, and endurance

cycle tests. Comments on accelerated testing techniques are pre-

sented in Chapter IX.

Life Tests

The seal used with Type A TCVs is a source of concern for long

life applications. One manufacturer exposed the valve to 71°C

for one week to verify adequate sealing. During this time period,

the valve was operational to maintainthe temperature environment.

Additional test data is required to verify seal life for long-life

applications.

The LTV Type B valve has a cycle life requirement of 7500 cycles.

NASA is currently cycling the Skylab system which utilizes this

valve until a failure is detected (15,000 cycles have been achieved

to date without failure). This valve is being proposed for the

Shuttle program.

To date, program requirements have been for relatively short serv-

ice lives for coolant systems and TCVs. For that reason extensive

life cycle tests have not been performed. It is recommended that

life cycle tests to failure be performed on both type TCVs.

Screening and Run-in

The externally sensed TCV coil of the LTV Type B valve is subjected

to a 24 hour run-in.

The Skylab coolant loop is exposed to a functional test of approxi-

mately 45 days in the Vertical Assembly Building at KSC. The sys-

tem is deactivated during launch to reduce pressure loads on the
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system during launch to reduce pressure loads on the system dur-
ing maximumacceleration. The coolant loop is reactivated shortly
after launch, and remains on throughout the eight month mission.

Run-in tests on TCVshave been characteristically i0 to 50 cycles.

E. PROCESS CONTROL REQUIREMENTS

A TCV employing external temperature sensors uses construction

methodology basic to all valves and the reader is referred to

Section E, IX Solenoid valve chapter for Process Control Comments.

The Type A TCVs have experienced problems in the sensing elements.

It is recommended that commercial, nonaerospace sources for the

thermal sensing element be eliminated or the design altered to

reduce internal leakage of the unit.

Improper piston surface finish can cause wear and corrosion thus

limiting the life of the TCV. Therefore, the surface finish must

be specified in the procurement specification and verified during

manufacturing.

F. PARTS USAGE CONSTRAINTS

The TCV life requirements for the Space Shuttle and long duration

military space applications cannot be assured with present hard-

ware and thus maintenance and restoration may be required. This

study indicates that TCV service life expectancies are 1 to 5

years using present state-of-the-art hardware. The internally

sensed TCV (Type A) should not be used for long-life applications

unless the design is improved as previously suggested. The ex-

ternally sensed TCVs (Type B) show promise for long-life applica-

tions; however, testing must confirm this assertion.

Viking and Skylab TCV life requirements can be met without

maintenance and restoration; however, primary and secondary

coolant loops are used to increase the system reliability.
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XI. PRESSURE VESSELS AND POSITIVE EXPULSION DEVICES

A. INTRODUCTION

i.

.

This chapter is addressed to the long-ill, assurance of tanks, in-

cluding surface tension devices and conventional expulsion sys-

tems. This study concentrates on tanks and expulsion devices be-

cause pressure vessels exhibit the same long'ill, failure modes

as tanks. Expulsion devices are designed to provide a continuous

fluid flow on demand to spacecraft systems for the duration of

the space flight. The applications for the tanks and expulsion

devices include: auxiliary propulsion, water, thermal control,

and hydraulic systems. The expulsion systems are required to

prevent vortexing, gas pull through, slosh, and containment of the

bulk medium adjacent to the tank outlets under low or zero gravity

conditions.

There are five major types of expulsion devices: (i) bladders,

(2) diaphragms bladders, (3) bellows, (4) pistons, and (5) sur-

face tension devices. Though a much newer development than the

conventional expulsion devices, the surface tension devices show

much promise. Sketches of each of these expulsion devices and

tanks are presented and accompanied by a brief explanation of

their specific function.

Tanks

Tanks which utilize gas stored in a liquid state may require baf-

fles to control the sloshing and swirling of the fluid. An ex-

ploded view of one of the LM propellant tank configurations is

shown in Figure i. This figure illustrates typical baffles and

tank entry and fitting penetrations. This configuration is an

approximately spherical tank of approximately 54 in. diameter

fabricated from 6A£-4V titanium alloy.

E__x2ulslon Devices

The purpose of expulslon devices is to position a quantity of fluid

over the tank outlet under conditions of adverse or zero gravity.

The fluid should not breakdown, leak into the gas system, or be

contaminated in any way under the influence of the expulsion sys-

tem. A gas pressurant system provides the motive power for the

expulsion. Expulsion devices are employed on several different

systems such as the Skylab water system which was a bellows ex-
pulsion device.

Xl-i



Figure 1 Propellant Tank Illustrating Typical Bafflesj Entry

Portsj and Attachment Fittings
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a. Elastomeric and Metallic Bladders - Bladders can be fabricated

from metallic and/or nonmetallic materials. They can be configured

as a collapsing or expanding bladder.

Figure 2 presents a sketch of an expanding polymeric bladder de-

sign. The standpipe supports the expanding bladder and acts as a

distributing diffuser for the pressurization gas. The propellant

drain is situated at the base of the standpipe and the overflow

drain port (if necessary) is located at the top. With a collaps-

ing bladder, liquid expulsion is accomplished under the pressure

of a gas introduced into the volume between the bladder and the

tank wall. A collapsing bladder is currently preferred over an

expanding bladder for the following reasons: higher expulsion

efficiency, less probability of a flexural failure, and more op-

erational experience.

b. Elastomeric and Metallic Diaphragms - Diaphragms normally

accomplish expulsion through a complete reversal of the barrier

geometry, with translation produced by gas pressure in the ullage

volume. A polymeric diaphragm undergoes less severe wrinkling

and folding during expulsion with an attendant increase in cycle

life of two to five times that of an equivalent bladder.

Diaphragms are usually molded in a hemispherical shape and clamped

equatorially around their perimeters by the two halves of a tank.

Gas pressure on one side of the diaphragm serves to push the

diaphragm in the opposite direction, expelling the fluid on the

other side. A typical diaphragm system in a filled state is

shown in Fig. 3.

c. Bellows - Bellows are corrugated cylinders which have a wall

thickness that is relatively thin compared to the wall thickness

of the tank in which they are used. The expulsion is accom-

plished by varying the internal tank volume by the accordion ac-

tion of the bellows. Expulsion can be achieved by contracting

the bellows with a higher pressure on the exterior as shown in

Fig. 4.

d. Pistons - Pistons are used for expulsion devices where the

pistons are forced to travel the tank length. Sealing is accom-

plished by rings on the piston which are in sliding contact with

tank. The pistons can be held against the liquid by pneumatic

pressure or mechanical actuation devices. Figure 5 shows a tank

with a piston expulsion device.
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e. Surface Tension Devices - The screen is held tightly in place

inside a tank by pleats, feet, or ribs, leaving a thin annulus

all around the screen. The tank is filled as full as possible,

making sure the screen is "wetted" and the annulus is filled. A

pressurant gas is fed into the inside of the screen. Capillary

forces set up a pressure difference across the screen that will

push propellant through into the annulus but will keep gas inside.

The various parameters, such as flow rate, screen pore size, etc,

can be calculated from mission conditions. This system delivers

gas-free propellant with no moving parts. Figure 6 is a detailed
sketch.

I

/

/

Ullage-- ,/ _ _

,x x--

•Valve

I ...
Pressurant

\

\ . \ j Tank

' Liquid

Concentric

Screen

'__Lateral

__ --__-_ Screen
,/ /

Outflow

Fig. 6 Concentric Screen Concept
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B, GUIDELINES FOR LONG-LIFE ASSURANCE

There are tank systems in existence that will perform successfully

on a mission of up to I0 years duration. Care must be taken to

fit the type of expulsion device best suited to the mission under

consideration if a 10-year life is to be obtained. Tank failure

modes which would prevent obtaining a 10-year service llfe are

listed below in the order of their most probable occurrence:

i) Expulsion device leakage;

2) Leakage of the tank weld or leakage at fitting;

3) Tank rupture.

The estimated cycle lives of subject expulsion devices are as
follows:

i) Convoluted, metal diaphragms are impermeable to prop_llant

and work well for one expulsion. Severe metal working causes

pinholing and failure, in most cases, when recycling is at-

tempted.

2) Equatorially clamped, elastomeric diaphragms are good for

500 expulsion cycles with 99% expulsion efficiency.

3) Elastomeric and polymeric bladders, due to severe folding en-

countered during expulsion, have a cycle life limited to 30

to 35 cycles--shorter than elastomeric diaphragms lives, but

longer than metal diaphragms lives.

4) Both metallic bellows and pistons are impermeable to propel-

lants and both should function for more than 500 cycles.

5) Surface tension devices promise a life of at least i000 cycles,

many times longer than the other devices because they are

immune to many of the failures that plague the other expul-

sion devices.

6) When exposed to corrosive fluids, the service lives of non-

metallic expulsion devices are less than three years due to

permeation and incompatibility. The service life of metallic

expulsion devices is greater than 10 years.
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Table i summarizes the relative merits and weaknesses of positive

expulsion devices for use in long-life space missions.

Design Guidelines

i) For a lO-year mission, no design changes are necessary in any

of the designs studied to compensate for radiation damage.

Resistance of all the materials to radiation is high enough

and expected radiation levels are low enough to eliminate
radiation damage as a problem.

2) Metal tanks, which represent proven designs and materials,

shall be used for long-life applications.

3)

4)

5)

6)

7)

8)

Fracture mechanics tests are required to describe the frac-

ture of materials under static, cyclic, and prolonged stress

loading conditions.

Spherical tanks are required--constraints permitting. Spheri-

cal tanks offer the following advantages; they are: lightest

in weight, easiest to fabricate, and more reliable for long-
life due to less welds.

Use metallic expulsion devices, mission constraints permitting.

They remain relatively unaffected when exposed to corrosive
fluids.

Surface tension and metallic bellow devices have demonstrated

characteristics which are consistent with long-life space ap-

plications. Surface tension devices are highly rated because

they have no moving parts. Bellows are rated good because of

past reliable performances.

The various methods of attaching the expulsion device to the

inner tank wall do not present a problem for long space mis-
sions.

Use folding controls, such as masts or spring attachments on

expulsion devices that exhibit potential problems with fold-

ing, ripping, and tearing failures.
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Process Control Guidlines

i) Provide documented controls to assure handling and shipping

care. Thin walled screened devices, metallic diaphragms, and

bellows are structurally delicate.

2) Contamination controls for screened devices are necessary to

obtain uniform operational characteristics from tank to tank.

Require that vendors submit contamination controls and methods

of implementation for screened devices.

3) Several tank users recommended that tanks be stored with an

inert blanket pressure in an inert atmospher e for contamina-

tion considerations and the prevention of material corrosion.

Test Guidelines

i) To verify operational usage, tank selection criteria should

advocate expulsion devices (elastomeric diaphragms and metallic

bellows) for which positive tests can he performed.

2) Use radiography and dye penetrant test methods to verify the

integrity of tank welds.

3) Conduct various combinations of propellant/elastomer exposure

tests to develop long term compatibility. Ten year test data

are not available.
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Table I Relative Merits and Weak>_esses of 2xputsion Devices for Use in Long-Life

Space Missions CUp to 10 Years)

PARAMETER BLADDERS ELASTOMER DIAPHRAGMS METAL DIAPI]RAGMS

Cycle Life 50 to 500 1

Calendar Life (Exposed

to propellant)

Resistance to Radiation

(See Table 3)

Attachment Problems

Movement Failures

(Fo iding_ Tear ing_

etc.)

Permeability to

Propellants

Compatibility with

Propellants

Suitability for a

lO-year Space

Mission

Metallic I cycle

elastomer _ 35

30 days to 3

years for

elastomer; I0

to 15 years for

metallic

bladders

Good in absence

of oxygen

Strain on neck

during slosh

at neck flange

Severe folding

causes tearing,

plnholing, etc.

Severe problems

with many pro-

pellants,

especially

N204

Swelling fol-

lowed by per-

meation

Metallic bladders

are unsuitable

due to their

limited cycle

life and elasto-

met bladders are

not suitable due

to their life

when exposed _o

propellants.

30 days to 3 years

Good, no problems

Equatorial clamping

device very stable

Slosh and expulsion

may cause slight

wear

Problems with

several propellants,

again N204

With new elastomere

(Martin Marietta EPR

132), very little

swelling (under 37°),

some propellant

breakdown

Elastomer diaphragms

are not suitable for

long llfe due to

their limited life

when exposed to pro-

pellants. The prob-

lem with elastomere

is not necessarily

that the elastomer

degrades (EPT-10,

for example, looks

promising after

several months ex-

posure to N_H4) but

that I0 yea£ test

data are Just not

available.

10 to 15 years

Good, no problems

Equatorial weld

and clamping

device very stable

Pinholing and

tearing certain

after first cycle

Impermeable during

first expulsion

cycle

No problems when

correct metal is

used

Unsuitable for

more than 1

cycle
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Table I (cont)

PARAMETER PISTONS METALLIC BELLOWS SURFACE TENSION DEVICES

Cycle Life

Calendar Life

(Exposed to

propellant)

Resistance to

Radiation (See

Table 3)

Attachment Problems

Movement Failures

(Folding_ Tearing_

etc.)

Permeability to

i Propellants

Compatibility with

Propellants

Suitability for a

10-year Space

Mission

> 500

To 3 years due

to seals

Good

Pistons are held

against the

fluid by gas pres-

sure or mechanical

actuation device

Non-metallic seals

could wear or

shred - metal seals

could cause high

breakaway function

and wear

Elastomer seals

are permeable to

propellanffs

Teflon seals will

swell when ex-

posed to N204

Metallic seals

are suitable for

a I0 year life;

Elastomer seals

are not suitable

due to their life

when exposed to

propellants

>50O

I0 to 15 years

Good

Current applications

have been limited to

approximately two

feet in diameter

Metal crack and

pinhole leaks

I000

i0 to 15 years

Good_ no problems

Tight fit inside

tank_ very stable

Not applicable

Impermeable

No problems

Suitable for a I0

year life

Control flow rate,

pressurant gas can

dissolve or become

saturated in

propellants.

No problem if correct

metal can be fabricated

into a screen

Suitable for a i0

year life

XI-12



Co LIFE LIMITING PROBLEMS AND SOLUTIONS

i, Failure Mechanism Analysis

Table 2 presents the Failure Mechanisms Analysis (FMA) which

lists the failure modes for tanks and expulsion devices. The

failure modes listed in order of their most probable occurrence

are: (i) expulsion device leakage, (2) weld or fitting leakage,

and (3) tank burst. Most tank failures are due to expulsion

problems such as tearing, ripping or folding; permeation; incom-

patibility; expulsion device attachment; and radiation damage.

Detailed information for these problems that result in expulsion

device leakage is given in Subsections a through f. The tank

leakage and burst failure modes are covered in Subsection f; some

detail is given on the Apollo 13 tank failure. The long-life

problems that result in the three failure modes and their poten-

tial solutions are discussed in the following subsections.

a. Tearing, Ripping, or Folding Problems - This type of failure

indicates movement of some sort. This discussion applied primarily

to bladders and diaphragms. Every failure from pinholing to actual

tearing of a device that causes leakage on a scale larger than

simple permeation will be considered.

Stretching and bag folding are the primary factors that cause

breaks in balloon-type bladders. Stretching can be avoided by

fabricating the bladder to be exactly the same volume as the in-

side of the tank. Folding, however, is a much more complex mat-

ter. In real bladders of even simple shapes there is a definite

pattern to the folding as the bladder is collapsed. Severe stress

areas are formed due to double and three-cornered folds and

traveling creases (problem is described in detail in Ref i).

These stress areas are what eventually destroy bladder integrity.

Less elastic bladders (i.e., TFE-FEP Teflon) are pinholed or torn

after a number of expulsions. After a longer time, more elastic

elastomer bladders are similarly affected. Tests run using JPL's

traveling crease machine showed that Teflon went through more

cycles to failure as the thickness increased. TFE-FEP laminates

performed the best of any materials tested with about 2000 or

3000 cycles to failure. Although good from a permeability stand-

point, Teflon/aluminum laminates failed after less than i0 cycles.

This shows that just one type of folding problem can cause fail-

ure.
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Masts, spring attachments, more complex bladder attachments, and

other type of folding control apparatus may help to lessen this

problem. However, folding to some extent must be present in a

bladder system.

Nonmetal diaphragms have two separate periods when there is danger

to diaphragm integrity: (i) when the tank is filled and the

diaphragm is raised to a point slightly above the equator of the

tank, and (2) during and after expulsion. The problems involved

are not as severe as the bladder problems simply because a dia-

phragm reverses its position instead of collapsing.

The first of the two periods has diaphragm wear as its main fac-

tor. In the raised or full position, the diaphragm is squeezed

into a space that is too small. The excess of material rubs

against itself because of cramping and sloshing, when the elastomer
folds over on itself. Recent development such as the Teflon-

coated baffle ring and proper ribbing of the diaphragm have re-

duced this problem to the extent that it does not now measurably

cut diaphragm life or introduce contaminant particles from wear.

During expulsion, other wear and folding mechanisms become appar-

ent. Traveling creases and many small wrinkles are formed by

hydrostatic pressure (as is explained in Ref i). The damage,

however, is minimal, because elastomers resist permanent creasing.

At the end of the expulsion cycle, the bladder can be cut through

as it cuts off propellant flow by extruding into the outlet part.

A sievelike barrier plate over the outlet port prevents this.

To prevent the holes in the plate from cutting into the diaphragm,

the diaphragm material should be thickened near the outlet part

making the ratio of diaphragm thickness to hole diameter (t/d)

greater than one, as explained in Ref 2.

Metal diaphragms can tip and buckle even during the first cycle,

thereby causing leaks. Antitip devices are of some help, but

better fabrication techniques are the real solution. In any case,

the second expulsion cycle will cause this buckling. Thus, metal-

lic diaphragm integrity can be maintained for only one cycle.

b. Permeation Problems - Permeation, in one form or another, is

one of the main problems in positive expulsion systems today. The

expected propellants to be used on the Shuttle Program include:

liquid hydrogen (LH2) and liquid oxygen (LO2) for the main engine

system, monomethylhydrazine (MMH) and nitrogen tetroxide (N204)

for the orbital maneuvering system, and hydrazine (N2H 4) for the
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reaction control system. Materials selected must be impermeable

(or tolerant) to the fluids involved, be able to be fabricated

into an expulsion device, and function for a 10 year llfe. As in

the case of Teflon metal laminates, this is difficult. If a metal

diaphragm leaks at all, the metal structure has failed. Even in

the case of screens, permeation must be kept at the desired level.

Permeation is a relative thing, depending on both the fluid and

the barrier. Only metal barriersseem to contain the oxidizer,

nitrogen tetroxide. Although all-metal diaphragms might work to

expel this fluid, the weaknesses of the system discussed previously

makes the search for something else necessary. Ethylene propylene

and butyl rubbers are highly permeable to fuels such as unsymmetri-

cal dimethylhydrazine (UDMH) and hydrazine for extended periods,

and their compatibility is questionable. Nitrogen tetroxide per-

meates Teflon and other elastomers and polymers so much faster

than do most fuels that, if an answer can be found for this oxi-

dizer, it may be the general answer needed for most propellants

now in use (see Ref 3 for more detail).

Nitrogen tetroxlde is the big problem to be solved in relation to

permeation. Teflon is virtually no barrier to it (permeation
rates as high as 3 mg/in.2/hr), and rubbers are llttle better.

Chemlcally plated metal barriers may be removed by the oxidizer.

Adhesives incorporated in a Teflon/metal laminate may be incom-

patible (for more detail see Ref 4). Filled Teflon membranes or

Teflon/metal laminates cut permeation, but fabrication is very

difficult. Filled Teflon materials and metal/Teflon laminates

that resist delamination are promising, but even these do not

eliminate all permeation.

Permeation can be designed for and tolerated as evidenced by the

Teflon bladders flown in the N20_-MMH tanks of Mars Mariner '71.

Permeation may be undesirable in certain applications. Permea-

tion is not a consideration regarding capillary screens. Screens

are essentially infinitely permeable to all fluids. Therefore,

a screen system must simply be designed to live with permeability
effects.

In the case of metal screens, permeation rate is one considera-

tion, because the device is designed to pass fluid through its

pores. This flow rate depends on screen pore size, which depends

on mission conditions (tank size, pressure differential, gravity,
etc).
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Whenthese conditions are known, extensive calculations will give
pore size and flow rate. If fabrication is carefully done, over-
size pores will not be created and the calculation will be valid.

Although the screens will not pass gas bubbles, any pressurant
gas dissolved in the propellant will be passed. This dissolved
gas is present, because the pressurant gas contacts the propel-
lant directly. Whenthe propellant is transferred to the engines,
any pressure drop maycause small gas bubbles to form, Careful
pressure control in fuel lines could ease this problem if the dis-
solved gas is not a problem in other ways_

c. Incompatibility Problems - Incompatibility refers to the

chemical and physical reactions that take place between propellant

and expulsion devices that result in a usually undesirable change

in one or both. Permeation is a type of incompatibility. A rise

in pressure due to propellant or bladder decomposition is another

incompatibility. Incompatibility can cause failure for a variety

of reasons, as described below.

Elastomers swell excessively and give off gases when reacting to

hydrazine-type fuels and oxidizers such as nitrogen tetroxlde.

Butyl and ethylene propylene (EPR) rubbers seem to have the best

resistance to propellants of any of the elastomers. Most rubbers

tested swelled excessively; however, the changes in EPR were

lowest. EPR rubbers (i.e., Martin Marietta's EPR 132) swelled

less than 3%. Other rubbers such as fluorocarbon and fluorosill-

cone elastomers swelled up to 400%. For more exact details see

Ref 2. Bearing these facts in mind, if the newest types of EPR

rubbers are not used, the diaphragms will degrade and swell pro-

hibitively for any space mission longer than at most a month.

A diaphragm or bladder whose equatorial seam is separated, or a

bladder that is soft or brittle, or a bladder that swells, leaks,

and releases gases is unsuitable because it causes system failure.

All of these conditions result from bladder/propellant incompati-

bility. However, the use of new EPR rubbers minimizes these ten-
dencies.

Metals vary in their reactions with propellants, but, in general,

for almost every propellant used today, there is a metal that is

compatible with it. Metals solve many compatibility problems

simply by being more resistant to propellants than polymers.

For example, N204 is corrosive to many metals. Nitric Oxide (NO)

_is an impurity in N204 that acts as an inhibitor in reactions be-

tween N20 _ and titanium. NASA specification MSC-PPD-2B, issued

Augus£ i, 1968, (supersedes MSC-PPD-2A) indicates that 0.8 ± 0.20
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percent by weight of NOmust be used with N204in titanium tanks.
AeroJet-General report LRP198 (Ref 5) states that dry nitrogen
tetroxide (less than 0.1%water) is noncorrosive to mild steel
as well as aluminum, and that stainless steel alloys are not af-
fected by N204 containing water at concentrations that are intol-
erable from a performance point of view. However, the corrosion
rate of aluminum alloys exposed to N204increases in relation to
the water content percentage.

Although Teflon does not blister and generate gases in the presence
of N204, it becomesvery permeable to it. Subsequent swelling
often breaks metal loll layers away from the bladder, thus de-
feating this attempt at impermeability. Hydrazlne-type fuels re-
act in a similar mannerbut to a much lesser extent. Thus, in
the case of Teflon, incompatibility meanspermeation and severe
swelling.

The survey of manufacturers and users did not reveal any particu-
lar compatibility problems with water, thermal control or hydrau-
lic systems. Mr. D. Bailey of McDonnell Douglas indicated a han-
dling problem of the bellows device which was used in the Skylab
water tank system. The problem was solved by employing a bellows
restraint to prevent bellows collapse during tank shipment.

d. Expulsion Device Tank Attachment Problem8 - Although there

are variations in the life capability of the various attachment

schemes, this was one of the lesser problems under discussion.

Concentric, annular screens have no problems at all in this area.

Fabricated with metal ribs or with pleats in a screen made

slightly larger than the tank, the screen fits snugly in the

tank without being attached to it. The gas inlet line is then

the only real break in the screen, serving to orient the device

inside the tank. Because screens do not move, there is no strain

on any screen-to-tank attachment system.

The attachment problems concerning bladders, although not major,

are the most severe to be dealt with. The neck of the bladder

must be strong, securely attached to the bladder and well sealed

to the outlet connection by a separable tank flange as is shown

in Fig. 7. During sloshing and expulsion, strain is concentrated

on this small area, thus tearing is very possible if the bladder

is not secure. To further reduce this strain, simple folding

mechanisms as well as capacity filling should be used.
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Diaphragms are attached equatorially to a tank By clamping, bolt-

ing or welding the two tank halves around the perimeter of the

diaphragm. (Metal diaphragms are often welded to the tank itself.)

Figure 8 summarizes these methods. Nested _etal diaphragms as in

Fig. 8(c) have liquid on both sides and, thus, are very stable.

If only one metal diaphragm is used, strain is greater and a

stronger clamping and welding process is necessary. Elastomeric

diaphragms are clamped between welded tank halves in much the

same way. With the addition of an inner baffle ring to "collect"

excess diaphragm material in the filled position, an attachment

scheme much like the o_e in Fig. 8(d) has been used at Martin

Marietta. The system resisted 400-psi differential pressure suc-

cessfully under controlled temperatures and an inert gas welding

process. Thus, the methods for securing diaphragms to their

tanks appears to be quite dependable for a long space mission.

e. Radiation Damage Problems - As is shown in Table 3 and Fig.

9, threshold damage, or a 25% loss in properties, occurs at dos-

age levels higher than any to be encountered over a 10-year earth

orbit mission for elastomers, polymers, and metals used in the

fabrication of positive expulsion devices. In an oxygen-free

system, with the shielding offered by fuel and tankage, the level

is even less. Thus, radiation is not considered a problem on a

long space mission for expulsion systems.

f. Weld, Fitting Leakage or Tank Rupture Failures - Weld or

fitting leakage problems are more common types of failure modes

than tank rupture failures when considering long-life. The Air

Force Rocket Propulsion Laboratory at Edwards Air Force Base

indicated that the main problems encountered during the Long-Term

Storability of Propellant Tankage Tests were due to leakage in

the weld area or the area adjacent to the welds.

Environmental stress corrosion cracking is the phenomenon in

which a crack propagates by stress Corrosion cracking or hydrogen

stress cracking. Stress corrosion occurs when a crack propagates

by stress induced corrosion of the advancing crack tip in a cor-

rosive environment while the metal is stressed in tension. The

crack initiates at stress risers, for example, at the toes of

butt welds, unfused roots of partial penetration welds, other

geometrical discontinuities, and appear in the heat affected zone

of the welds in most cases. Hydrogen stress cracking occurs when

the hydrogen goes into a solid solution introduced by electrolytic

charging, pickling, heat treatment, and by corrosion reactions.
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Figure 8 Methods of Fastening and Sealing Diaphragms
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Table 3 Radiation Necessary to Cause Appreciable Loss of

Properties in Polymers and Elastomers Used in Bladder

and Diaphragm Fabrication*

Material

Teflon TFE

(Polytetra

fluoroethyl

erie)

Teflon FEP

(Fluorinated-

ethylene-

propylene)

Butyl Rubber

EPR Rubber

(Echylene-

propylene)

Most 0 ther

Elastomers

(rubbers)

Dosage Necessary to

Affect Properties (tad)

4 x 104 in presence of

02; i0 ? in absence of

05

I0e to 10 7 (crosslink-

ing at these dosages

actually improves some

properties)

106 to 10 7

106 (similar to butyl)

As much as 1 to 2 orders

of magnitude greater

than butyl rubber (10 2

or even i0 s)

Suitability (Based on Radiation)

for Long-Life Use in Bladders

No problems for at least a 10-

year mission; fi!]ers improve

resistance s$_i_htly

No problems for at least a 10-

year mission; better in this

respect than TFE

No problems for at least a 10-

year mission

No problems for at least a lO-

year mission

No problems for over a 10-year

mission (loss in properties al-

most negligible)

*See Ref 6 thru 8 for data given in this table.
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Hydrogen causes delayed failure under static loads with high
strength materials. The embrittlement affect increases with deepL
ness of the flow or notch. Solutions to these types of problems
in tanks involves designs that would eliminate or minimize the
factors that .promote environmental stress corrosion cracking.
Designs should avoid crevices, deep recesses, sharp corners,
notches of any kind, and dissimilar metals.

Tank rupture failure modesare unlikely, in that they maybe de-
tected during normal tank testing. Somedetails from Ref 9 of the
Apollo 13 tank failure are listed in the following paragraphs.
The 02 tank was manufactured by Airite Products and supplied to
BeechAircraft under subcontract. Beech completed the tank assem-
bly, installing the quantity probe, motors, fans, and conducted
tank assembly tests (see Fig. i0). The tank assembly was then
supplied to North American Rockwell.

The Apollo 13 02 tank failure was due to the failure of the
thermostatic switches that permitted the temperature of the
heater tube assembly to reach 537.8°C in certain spots during
ground operations. This heating damagedthe Teflon insulation
on the fan motor lead wire. During the mannedflight, the fan
motor lead wire, movedby the fan stirring, short circuited and
ignited the Teflon insulation by an electrical arc. Combustion
and overpressurization, then in the tank, probably failed the
electrical conduit and the tank itself.

Recommendationsto eliminate this type of problem included: (1)
remove all wiring from contact with 02, and unsealed motors which
could potentially short circuit and ignite adjacent materials,
and (2) eliminate the use of Teflon and combustible materials from
02 and potential ignition sources.

After the Apollo 13 failure, NASA-MSFCrequested that any high
energy source used in the Skylab Program, be considered a Single
Failure Point (SFP) in the Mission Level Failure Modesand Effects
Analysis.

g. Additi$nal Studies Required - There is no evidence that sur-

face tension properties break down with age; however, this possi-

bility must be investigated. Decreasing surface tension with

time has been reported for a class of liquids. A comparable

change in propellants could, in most cases, be compensated by

overdesign.
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a. Selection Criteria - Considered as part of the design and se-

lection criteria are the stress analysis, facture mechanics, de-

sign factors, and hardware llfe. A subsection concerning each

topic as pertaining to long-life follows.

Stress Analysis - The mechanical properties of the material se-

lected should be well established. The basic properties are lo-

cated in MIL-HDBK-5 and the Aerospace Structural Metals Handbook.

It has been customary to compile material strengths, either as

single, nominal values (the practice of most material suppliers)

or as single recommended minimum values as presented in MIL-5
Handbook.

A rigorous stress analysis is necessary for each tank design to

establish the complete structural integrity of the tank for opera-

tional and long-llfe applications. This analysis should include

all the critical loadlngs imposed on the tank during handling,

testing, and operation. Tanks contain areas where changes in

thickness and/or curvature occur, which produce additional stresses

on the membrane. These stresses result from the additional forces

(shear and moment) required in these areas to resist deflection

and rotation (Ref i0).

Another condition to be investigated in detail is the local

stresses imposed by concentrated loads. Concentrated loads in

areas used for attachment devices can be expected.

Statistical methods are used to analyze the variability of im-

posed loads and material strength. The statistical data can be

displayed as shown in Fig. ii. It is evident that the statistical

approach permits calculation of the probability that the tank will

successfully operate during a mission and quantitatively predict

the load that will cause failure.

Fracture Mechanics - A design practice used by most companies,

and recommended by this report, involves the principles of frac-

ture mechanics. Fracture mechanics provides a basic framework

for describing the fracture of materials under static, cyclic,

and prolonged stress loading conditions. Coupon testing in the

various environments has established material flaw sizes below

which flaw growth will not occur during operational use. Trouble

free tank use dictates that flaw growth under sustained stress be

eliminated. The permissible sustained stress level during the
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service life is determined by the maximum flaw size which in turn

is determined by the proof test stress level. A higher proof

test stress will screen out smaller flaws and thus permits higher

sustained stress levels in the various corrosive environments.

The required sustained stress levels in the different environment,

therefore, determine the minimum proof tests stress level. To

this must be added an increment to account for flaw growth due to

pressure cycling that can be expected during the life of the tank.

From the survey of the manufacturers and users, AiResearch indi-

cated that they used fracture mechanic methods to develop the

Astronaut Life Support tank for the Apollo program. This involved

putting a defect (notch) in the heat effected zone adjacent to

the weld. The tank was then subjected to pressure cycling until

failure to prove that the failure was in a leak or rupture mode

rather than a burst mode.

Other Design Factors - All metal tanks should be used for long-

llfe applications since there are no particular advantages gained

By the use of composite tanks. Composite tanks such as filament

wound tanks weigh less than metal tanks, but when the attachments

and associated hardware are considered, the weight savings would

be small. Metal tanks are preferred due to:

i) higher reliability considerations such as leakage;

2) construction schedule would be longer for composites due to

manufacturing techniques;

3) uncertainties that exist in composite construction stress cal-

culations, and;

4) thermal expansion problems of composite materials.

Spherical tanks provide advantages over cylindrical and specially-

shaped tanks. The advantages gained by the selection of spherical
tanks include:

I) the sphere is the lightest of the geometrical shapes;

2) fabrication is easier and;

3) more reliable for long-life missions due to less welds.
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In addition to Table i, Table 4 lists somedesign factors for ex-
pulsion devices and tanks that are pertinent to long life. The
long life advantages favor the all metal tanks because of material
compatibility, loss of seal leakage, and the absence of permeation.

b. Results of Survey - The results of the general manufacturer and

user survey for propellant tanks and pressure vessels are shown in

Table 5. The results of the specific survey of tank users are

shown in Table 6. Comments from the surveys are integrated into

the text under the various sections.

Martin Marietta Expulsion Device Experience - This includes Titan,

Viking, and various study programs. The Viking designs employ
surface tension devices, the Transtage attitude control system

used a bladder system, and the Transtage propulsion system used a

retention method as outlined below.

The Transtage main propulsion system traps (Fig. 12) retain a pro-

pellant supply to ensure satisfactory engine start and operation

after a coast period until the propellant is repositioned, The

attitude control system is fired prior to start-up of the main

Transtage engine restart resulting in propellant settling. Al-

though not specifically designed for long-life, Transtage has

performed multiple low-g main engine restarts, thus verifying the

tank and retention device capability.

c. Alternative Approaches - The trade-off parameters include the

selection of a moving expulsion device versus a stationary sur-

face tension device or a metallic tank versus a composite tank.

Material compatibility must be considered along with mission dura-

tion and requirements when developing the tank configuration.

Table 4 presents some of the advantages and disadvantages to be

considered in these trade-offs.

d. Apollo HeZium Tank History - Two spherical tanks were used for

Apollo Service Propulsion Subsystem (SPS) helium pressurization.

The tank material chosen was titanium (6A£-4V) based on the best

strength-welght ratio. North American Rockwell designed the tank

and Airite Corporation was selected to build and qualify the hard-

war e.

On the Block I configuration, each SPS helium sphere was 40 in.

outside diameter with a wall thickness of 0.450 in. Each tank

had a volume of 19.4 cuft and contained 48.5 ib of helium when

pressurized to 4000 psi at 21.I°C. The tanks were designed to a

maximum operating pressure of 4400 psi, 5850 psi proof, and 6600

psi burst.
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Table 4 Expulsion Device�Tank Design Selection Criteria

DESIGN FACTORS

EXPULSION SYSTEM ADVANTAGES DISADVANTAGES

Piston

Elastomerlc

Diaphragm

Metallic

Diaphragm

Rolling Metal

Diaphragm

Bladder

Metallic Bellows

Surface Tension

Devices

Metallic Tank vs

Composite Tank

Tank Geometry

Tank Testability

Positive displacement; variable

initial ullage gas volumes; 98%

efficiency of expulsion.

Good expulsion efficiency (99 to

100%); trouble free and repeatable

diaphragm geometry during expulsion.

Good compatibility; not sensitive

to propellant slosh.

Good compatibility; not dependent

on initial ullage volume.

Considerable development and

flight experience; adaptable to

most tank geometries and initial

gas ullage volume.

Good compatibility; predictable

performance adaptable to varying

tank geometries and initial ullage

volumes; expulsion efficiency of

98%.

No moving parts; good expulsion

efficiency (99 to 100%).

There are no material compati-

bility problems with metal tanks,

seal leakage is not a problem

with metal tanks.

Sphere is the lightest, spheres

are more reliable because of

fewer welds.

Subscale testing is possible on

some expulsion device/tank de-

signs.

Heavy; leakage, jamming due to

cocking or corrosion; limited to

cylindrical tanks. Reduced reli-

ability due to the possibility of

shredding or wear of the sliding

seals.

Poor wear characteristics during

prolonged propellant slosh; poor

long life compatibility; limited to

spherical tank geometry with sig-

nificant initial ullage volume.

Limited to spherical tank geometry

with significant initial ullage

volume; high AP required for ex-

pulsion.

High AP required for expulsion;

limited to cylindrical tank geo-

metry.

Long term compatibility; gas permea-

tion; poor expulsion efficiency

(90%): folding geometry conducive

to pinhole leaks; metal bladders

are good for 1 cycle and elastomeric

Bladders are good for i00 cycles.

High weight; cocking during expul-

sion; requires a larger tank to

maintain propellant volume because

of the volume it deplaces.

Failure may result from pore en-

largement or an unexpected accera-

tion forcing propellant from the

tank trap.

Composite tanks weight slightly

less than all metal tanks.

Not all expulsion devices can be

used with one tank shape, available

envelop may dictate tank shape.

Subseale tests are performed on

materials, while the functional

tests must be performed on the

final unit.
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Table 5 Result8 of General Manufaoturing/Agenoy Survey - Propellant Tanks

and Pressure Vessels

QUESTIONS CONSENSUS ANSWER

i. Do you manufacture (use aerospace

tanks? Usage?

2. What is the expected life of sub-

ject part?

3. What failure modes would prevent

a ten year service life? _%_at

failures have occurred?

4. _at are the failure mechanisms

(causes) of the failure modes?

5. What solutions do you suggest for

the above failure modes that would

either enhance the operational

life and/or increase the probability

of success?

6. To achieve long life, what design

features are incorporated in your

tank?

7. How do you determine part life?

g.

9.

Did you test for specific failure

modes and mechanisms and were any

special testing techniques used?

What process controls are neces-

sary to ensure long life?

Yes. Apollo, Skylab, Saturn, Minuteman, Atlas,

Titan, Viking.

Tanks should last for i0 years or more because

metallic tanks are not life limited.

Leakage at welds, expulsion device cycle life,

expulsion device material compatibility.

Eliminate double-pass weld areas, welds which

passed inspection but fail later and tight

cracks.

i) Use integral bosses

2) Avoid stress risers

3) Limit tank penetrations

4) Reduce the length and number of welds

5) Include in tank test programs, helium

tests, X-ray examinations and use fracture

mechanics tests.

Perform fracture mechanics tests and cycles

test; this probably involves more tank weight.

If the tank assembly includes expulsion de-

vices or motors, then these are considered

the life limiting items. Most companies

don't test for tank life but rely on field

data.

Fracture mechanics techniques are used to

assure tank will fail in a particular mode,

Cryogenic proof tests and fracture mechanic

concepts are used to 4ete¢t the largest

material flaw that the tank design can with-

stand.

Weld repair techniques, handling methods,

machine tolerances of hemisphere halves to

permit quality weldments,
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Table 6 Specific Survey of Tank Users

PART TYPE

(CATEGORY)

Propellant Tank

Viking Program

Cryogenic Storage

Tanks (Apollo

Program)

Coolant Tanks

Skylab Water

Tank

USER

Martin Marietta

Aerospace

Beech Aircraft

Corporation

AiResearch Corp.

assembles the

system.

McDonnell Douglas

Corporation,

Western Division

UNIQUE TEST OR

SPECIFICATION REQUIREMENTS

i. No tank qualification

test.

2. Sizing test.

3. Fracture mechanic tests.

4. Liquid nitrogen proof

test.

5. Pressure levels:

300 psi operative,

450 psi proof,

600 psi burst.

i. Require tank storage in

an inert atmosphere.

2. Eliminate the motors

from the oxygen tanks.

3. Performed burst tests at

cryogenic temperatures

(two) and at ambient

temperatures.

4. Destruct forging tests.

5. Have used the oxygen tank

without the fan since the

Apollo 13 failure. They

have determined that tank

equilibrium can be main-

tained by heaters and

temperature sensors. The

vehicle movement normally

supplies enough mixing

until the 10% of the

liquid remains, then hot

spots may occur.

i. Pressure tests

a) Operating, I00 psig

(max) ;

b) Proof, 200 psig

hydrostatic, at 21.I@C

±II.I°C on each part

with the other part

plugged;

c) Burst, 300 psig.

2. External leakage, I.I0

x 10 -5 lh/hr of MMS-

602 at i00 psig (SCD

and ATP require no

visual leakage at i00

psig for 30 minutes.

I. Required all metallic

tanks with metallic

bellows.

2. This tank was bolted

together.

3. A design change in-

volved a restraining

hook to position bel-

lows during shipment.

4. 200 bellows cycle test.

RATIONALE/JUSTIFICATION

Unlike normal component development

tests, the tanks are qualified at

the subsystem level. Component con-

fidence is gained through the sizing

test where the tanks are pressurized

near their yield strength and frac-

ture mechanics tests employed.

Inert atmosphere eliminates stress

corrosion problems. An Apollo pro-

gram requirement has been to elimi-

nate Teflon and other combustible

products from high pressure oxygen

systems.

Fracture mechanic tests should be

performed on high pressure tanks to

determine the actual limits that a

particular material may withstand.

Tank provides additional storage

capacity for coolant to supplement

the pump package reservoir and to

provide the coolant system a higher

tolerance against minor leaks.

Tank has one inlet and one outlet

fittings. Tank has metallic bellows

assembly which acts as a spring piston.

Metal construction eliminated age

control products. The tank internal

pressure is approximately 35 psig.

The flight crew members have a sealing

kit to patch leaks in case of tank

failure.
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Table 6 Specific Survey of Tank U_er_ (ooncI)

Part Type Unique Test or

(Category) User Specification Requirements Rationale/Justification

Skylab Filament

Wound Oxygen

Storage Tank

14.5 Inch

Sphere used on

the X-24A

Program

McDonnell Douglas

Corporation,

Eastern Division

Martin Marietta

Aerospace

i. Pressure requirements:

a) Operating 3000 psig;

b) Proof 7530 pslg at

70QF:

c) Burst i0,000 psi.

2. External leakage, 2.1

x 10 -3 SCC/sec GHs maxi-

mum at 4500 psig and

ambient temperature.

3. Qualification cycling,

i00 cycles, I00 psig to

4500 psig.

4. Reliability cycling,

1500 cycles, I00 psig

to 4500 psig.

Specification test data

included:

i. Die checks;

2. X-ray welds;

3. Proof pressure 5000 psi;

4. Design burst pressure

6600 psi;

5. Normal operating pres-

sure 2850 psi;

6. Do not allow weld re-

pairs after cryogenic

stretch.

These tanks are cylindrical with

elliptical heads and are made of

fiberglass filament wound over e

stainless steel liner. The liner

serves as a pressure seal to pre-

clude gas leakage while the fiber-

glass provides the structural integ-

rity of the tank.

The long-term storage experience of

Arde, Inc. Cryogorm 301 pressure

vessels include:

i. Fabrication was completed on this

pressure vessel November 29, 1966;

2. The vessel was exposed to extensive

pressure cycling and environmental

testing;

3. The pressure vessel is currently

in use.

4. Tank repairs are made in the annealed

condition (not after cryogenic stretch)
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A major problem was encountered during qualification testing when
two qual tank units burst prematurely below the required design
burst pressure of 6600 psi. A design review was held at which
time the decision was madeto add two more qualification units to
the program. These tanks were of identical design to the failed
units except the exterior weld bead was removedflush to the out-
side diameter. Removalof the weld bead had the effect of allow-
ing the weld Joint to work more in unison with membraneduring
cycling. By alleviating the "belly band" fatigue stresses caused
by the thicker weld section higher burst pressures were achieved
as proven by test. The first SPShelium tanks were delivered and
installed in the fall of 1964.

On Block II vehicles the SPShelium spheres were redesigned pri-
marily to save weight. The tank material, outside diameter and
methods of fabrication remained unchanged, however, the wall thick-
ness was reduced to 0.366 in. Each Block II tank had a volume of
19.6 cu ft and contained 42 ib of helium when pressurized to
3600 psi at 21.I°C. The tanks were designed to a maximumoperating
pressure of 3685 psi, 4910 psi proof, and 5540 psi burst. Each
tank weighed 316 ib_ a savings of 77 ib per tank over Block I.

There were no problems encountered during qualification testing
of Block II tanks which was completed in August 1966 (Ref ii).

e. Hardware Life - Each of the various types of expulsion de-

vices has a life limiting characteristic when exposed to fluids

for a specific time and a limiting number of cYcles that can be

performed before failure. Hardware life parameters are summarized

in Table i. These values are not exact but can be used as a

guide in the selection of a device for specific applications.

References 12 and 13 point out that verified mission lives of

elastomeric expulsion devices when exposed to propellants is less

than three years. The verified mission lives of metallic expul-

sion devices remain unaffected when exposed to propellants and

are considered excellent for long-life applications. The follow-

ing paragraphs detail the life cycle limitations of the expulsion

devices. The cycle life data was extracted from Ref 12_ 13, and

14.

Convoluted, metal diaphragms, fabricated in the folded position,

are only good for about one cycle. The metal is worked so severely

during this expulsion cycle that the surface may stretch and buckle.
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Any attempt to recycle magnifies this metal working and, although

the first expulsion cycle is usually successful, the second almost

always causes leaks (see Fig. 13). One exception to a one cycle

llfe was reported by Mr. D. Gleich of Arde Inc. (Ref 15). A six

foot diameter ring reinforced metal diaphragm tank withstood mul-

tiple cycles. A small leak opened in the diaphragm shell during

the first cycle, but the test was continued until the diaphragm

was completely reversed. The leak was repaired and the diaphragm

was reversed three more times without any further damage occurring.

Elastomeric diaphragms are considered to be highly recyclable

when used correctly. When properly fabricated (with proper ribbing)

elastomeric diaphragms will neither fold severely nor wear against

themselves to any appreciable extent. Because they do not buckle

as do their metal counterparts, these elastomerlc diaphragms are

good for up to £1ve hundred expulsions, with efflclencies of more

than 99%.

Due to several problems the cycle llfe of bladders is less than

other elastomeric expulsion devices. The cycle llfe of elastomerlc

bladder is less than 35 cycles. Folding problems are very severe

because the bladders are completely expanded and contracted dur-

ing each expulsion cycle. The a£compahylng strain and wear weakens

the bladders. If the bladder has a seam, the binding material

there may be incompatible with the fluid. Finally a few prob-

lems are noticed at the bladder-to-tank attachment, though they
are minimal.

A piston type expulsion device is good for multiple cycles and

can incorporate either metallic or nonmetallic seals. Both types

of seals are subject to wear due to the sliding contact; however,

the expected cycle llfe of piston expulsion devices is greater

than 500 cycles.

Metallic bellows provide a nonpermeable membrane between the pres-

surant and propellant and can perform multiple cycle expulsions.

Bellows are used in many applications and have the capability of

functioning for more than 500 cycles.

There is a lack of data on cyCles-to-failure for surface tension

expulsion devices, however, lack of movement of the system elimi-

nates many of the problems found in other devices. They even

stand up well to vibration and slosh tests. Tests have shown

that expulsion efficiencies of more than 99% for many cycles are

possible. All indications are that the cycle life of surface

tension devices is much higher than the other types.
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f. Appliaation Guidelines - Generally inflight maintenance has

not been performed on high pressure vessels and propellant tanks.

Mechanical fittings should be used at the tank interface so that

a tank may be removed and replaced upon failure. An aspect that

should be considered for long-term missions: such as Shuttle_ is

resupply of expendables and methods to refill tanks. Bellows

have no limitations in respect to refill, however, the refills

of other expulsion devices are not desirable and requires vacuum

loading techniques.

Interchangeability of tanks from one program to another has not

been practiced, mainly due to the specific design requirements

of each program.

(a) Before (b) After

Expulsion Expulsion

Figure 13 Metal Convoluted Diaphragms

(c) After Refill

Attempt
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D, TEST METHODOLOGY AND REQUIREMENTS

Proof testing of tanks is a standard method to detect material

and m_nufacturlng defects and to increase confidence that the

tank is satisfactory. Common tank tests (some are applicable

only to certain designs) include| External leakage, slosh, burst,

expulsion device llfe, expulsion efficiency, and compatibility
tests.

In reevaluating the material for the LM descent stage propellant

tanks, Mr. R. A. Hilderman of Grumman Corporation (Ref 16) noted

that, as its temperature is decreased, this titanium alloy shows

amarked increase in unnotched tensile strength and a marked de-

crease in the notched tensile strength. It was concluded that a

proof pressure test performed on the LM tanks at cryogenic tem-

peratures would pass the tanks without flaws, and would fall the

tanks with flaws. It is suggested that this test method be ana-

lyzed further to determine its effectiveness as a test method.

°

The environmental control system oxygen tanks manufactured by

Brunswick for Skylab require a different test. These tanks are

cylindrical with elliptical heads and are of composite construc-

tion with fiberglass filament wound over a stainless steel liner.

The liner serves as a pressure seal to preclude leakage while

the fiberglass provides the structural strength of the tank.

The program qualification tests require 100 pressure cycles from

i00 psig to 4500 psig. In addition, for reliability considera-

tions of fatigue or laminant separation, 1500 pressure cycles from

i00 to 4500 psig are performed.

Acceptance testing of bladders and diaphragms can be performed

by leak checking, vibration testing, and expulsion testing.

Since bladders and diaphragms are not passive expulsion systems,

the polymeric material is degraded with each exercise, increas-

ing the potential of failure on the next expulsion in spite of

acceptable performance during the test. Consequently, vibration

and expulsion testing for bladder or diaphragm acceptance are not

recommended.

Leak checking bladders and diaphragms can be difficult because

of polymeric material permeability and trapping of gas pockets

in folds or between the device and tank hardware. If the expul-

sion system is leak-tested with a gas pressurant, it is hard to

distinguish the bubbles expelled due to general permeation or

from bubbles resulting from pinholes or tears.
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An acceptance test based on a statistical approach decreases the

confidence that a metallic diaphragm or bladder will perform sat-

isfactorily. Only partial expulsion of about 20% of the loadable

propellant volume can be demonstrated after the tank is assembled.

Both l-g bench tests and drop tests have been used to verify the

surface tension devices. Static and dynamic test apparatus (Ref

17) have been used to verify predicted performance. It is recom-

mended that for long life applications, tanks selected with expul-

sion devices be limited to those for which positive tests can be

performed.

The major limitation of long-term storage effects is the inabil-

ity of conventional fluid/materlal compatibility criteria to pre-

dict leakage (Ref 18). Helium leak testing of tanks and the tech-

nique of leak testing are very important since small leakage which

canno{ be detected by X-ray or dye-penetrant inspection can lead

to propellant leakage under adverse environmental conditions.

These very small leaks can be detected through helium leak test-

ing.

This study has generally noted that metallic expulsion devices

are good for a i0 year exposure to propellants. The problems

with elastomers for I0 year missions is not necessarily that the

elastomer degrades, but that 10-year test data are Just not avail-

able. It is recommended that various combinations of propellant/

elastomer exposure be conducted to determine their long term com-

patibility.

The existing nondestructive test methods available include:

radiography, die penetrant check, holography, portable isotope

radiation sources, advanced two crystal ultrasonic methods,

acoustic emission and eddy current. Neutron radiography is a

method to locate hydrogen embrittlement in metals such as titan-

ium, zirconium, and aluminum. In addition, this method shows

weld areas which have the largest amount of hydrogen contamina-

tion. Martin Marietta uses radiography and dye penetrant tests

to check welds because porosity and tight cracks can be more

reliably tested. This report recommends the use of radiography

and dye penetrant tests.
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E. PROCESS CONTROL REQUIREMENTS

i, Screen Devices

Martin Marietta Advanced Manufacturing Technology group recently

completed a program in which they developed and fabricated sur-

face tension devices (Ref 19). The materials used were: (i)

type 304L dutch twill stainless steel mesh count 250x1370/in. 2,

(2) type 304L dutch twill stainless steel screen mesh 325x2300/in. 2,

and (3) type 5056 dutch twill aluminum alloy screen 200xl4OO/in. 2.

The program results are discussed in the next three paragraphs.

Joining of screen to screen and screen to nonscreen members was

accomplished by employing several Joining methods. All screen

materials were easily resistance welded. Combinations of stain-

less steel screen to screen and screen to sheet can be satisfac-

torily fusion welded using a plasma needle arc welder. However,

extreme care must be taken to ensure a good fit-up prior to weld-

ing. Aluminum screen can be Joined by resistance welding and

vacuum furnace brazing.

An important consideration is the influence of fabrication opera-

tions on the capillary retention of the screen device. Bubble

point tests were performed on the screen material before and after

thermal treatment and forming were accomplished. Thermal treat-

ment did not impair the bubble point value, but forming a flat

compound curvature core segment reduced the bubble point value.

Although the thermal conditioning reduces the material strength,

it does improve the handling and workability characteristics,

Pleating the tank retention screen assures structural strength,

and no supporting members are needed. The expulsion efficiency

is determined by the volume of the propellant trap. The pleated

screen minimizes this volume while providing more surface area

(than the flat screen) for propellant to enter the trap. The

best rigidity is obtained with the pleats parallel to the warp

wires (see Fig. 14).

F Shute Wire _-_

"_-Warp Wire _

Figure 14 Dutch Twill Weave
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Tanks

Reference 20 notes the problems associated with tank dome repeat-

ability by an explosive forming processes. The deviations from

planned contour were due to material effects of spring-back or

bound-back_ This required final sizing of the dome by elevated

temperatures to achieve the desired dome contour. Though the
thinout or thickness of the material may vary due to explosive

forming, their tolerances are as good or better than other ambi-

ent temperature forming processes.

It is recommended that tanks be stored in an inert atmosphere

and that an inert pressure blanket be maintained inside the tank

to prevent contamination.

Expulsion Devices

It is recommended that handling care be instituted owing to the

use of expulsion devices that are structurally delicate in the

free-state. Applications of multilayered screens are subject to

contamination. Bladders should be fabricated smaller than the

tank to avoid tears and pinholes due to wrinkling. Shrinkage dur-

ing curing must be controlled so that the bladder is large enough

to seat against the tank wall without exceeding the material

elastic limit.

Arde Incorporated has manufactured complete ring reinforced tank

diaphragm assemblies using a 304L stainless steel diaphragm, with

either 301 cryoformed or 304L tanks. Figures 15 and 16 show a

ring reinforced diaphragm design. Aluminum diaphragms have been

fabricated. However, there is a problem of joining the reinforc-

ing rings to the diaphragm. Titanium cannot be used as a dia-

phragm material because of its poor elongation properties.

Bellows diameters have generally been limited to less than two

feet. In addition to propellant compatibility, metal bellows

must: (i) remain ductile after welding, (2) possess good forma-

billty, and (3) provide a high allowable strain to density ratio.

4. Welding

Martin Marietta study report (Ref 21) indicated that strict ad-

herence to Joint fit up and geometry are necessary when develop-

ing weldments free from cracks, mismatch, and warpage. Other

conditions that are mandatory to welding practice and quality re-

sults to achieve long-llfe include:
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l)

2)

3)

4)

5)

Gap free welds;

Similar thickness to both edges of the weld joint;

Cleanliness of Joint area;

Minimum number of starts and stops;

Adequate weld tooling;

6) Automatic or semiautomatic welding process;

7) Interference fit for circular weld joints.

In the long term storability of propellant tankage test (Ref 16),

it has been observed that double heat welds which occur at start/

stop points and at weld intersections or at weld repairs lead to

a high incidence of hot short cracks and leakage at these points.

This condition is especially prevalent in manual weld repair due

to poor control of heat input. It is concluded that quality

control criteria for acceptance of welds, limit the number of

weld repairs to four and minimize the number of double heat welds

to be consistent with the geometrical configuration.

F, PARTS USAGE CONSTRAINTS

A review of Table I, summarizing the strengths and weaknesses of

each of the expulsion devices, shows that the surface tension

devices and metallic bellows are superior to the other concepts

in most ways. If only one cycle is considered, the metal dia-

phragm concept is only slightly less suitable on a long space

mission. Factors such as incompatibility and permeation seem to

rule out polymer bladders and some types of elastomer diaphragms

for use on a long space mission.
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Xll. NICKEL-CADMIUMBATTERIES

A. INTRODUCTION

The three basic types of secondary batteries used in aerospace

applications are: nlckel-cadmium (Ni-Cd), silver zinc (Ag-Zn)

and silver-cadmlum (Ag-Cd). In general and from a long-life stand-

point, the sealed Ni-Cd cells are the best of the three types men-
tioned. The reasons for this can be deduced from Table i. This

table illustrates the basic properties to be considered.

Although its energy density is low, (Figure i) the Ni-Cd battery

generally tolerates the other parameters of long space missions

much better than the Ag-Cd and Ag-Zn cells. Ni-Cd batteries live

longer because they are not nearly as chemically and physically

self-destructlve as the two cells involving silver. Disadvantages

of Ni-Cd batteries include complex charge controls, and lower sys-

tem electrical efficiency, poorer discharge voltage stability and

charge retention. Only Ni-Cd batteries are considered in this

chapter.

A typical sealed secondary cell is shown in Figure 2. The nega-

tive plate tabs are sometimes welded directly to the battery case,

eliminating one terminal post and saving weight. However, the

current trend is to use two terminal posts to reduce the direct

effects of any shorts. Inert, highly porous sintered plates of

nickel contain the active materials. In the charged state, the

active material in the positive plate is nickelic hydroxide

Ni(OH)3 , and the negative electrode contains metallic cadmium.

The electrolyte is potassium hydroxide (KOH). The basic reaction

involved in charging the battery is the oxidation of the positive

plate active material to nickelic hydroxide and the reduction of

the negative electrode to metallic cadmium.

Depending on battery temperature, state of charge and charging

rate, the battery must be overcharged to overcome charging in-

efficiencies and restore full capacity. Oxygen is evolved at the

positive plate during charge and overcharge. In sealed cells,

provision is made for the oxygen gas to diffuse thru the separa-

tors to the negative plate where it recombines with the metallic

cadmium. There is an excess of negative plate material to absorb
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the oxygen and minimize the cell pressure increase during over-

charging. Should any hydrogen evolve from the negative plate due

to gross overcharging, a potentially dangerous (explosive) situ-

ation could develop. The KOH electrolyte is not involved in cell

reaction, providing only ionic conduction.

Some characteristics of the Ni-Cd battery (as well as two other

types of cells) are given below:

Battery Electrical Characteristics

Cell Type

Ni-Cd

Ag-Cd

Ag-Zn

Normal Operating

Voltage (Plateau

Voltage)

1.2

End of Charge

Voltage (v)

1.47 @

21 .I°C

1.4

1.9

End of Discharge

Voltage (v)

1.0 (or slightly

higher)

0.9 to 1.0

1.2

Energy Density

(whllb)

i0 - 15

ii - 38

15 - i00

The reader is referred to the bibliography for sources of further

orientation information. Reference I, Battery Design For Aero-

space Power Supplies is a good general article describing manu-

facturing methods, design, and problem areas. NASA SP-172 Bat-

terie8 for Space Power Systems is also recommended reading.

Three basic elements must be considered in a long-life assurance

study of Ni-Cd batteries, viz: the battery itself (design and

quality), its usage (charge/discharge cycles), and the environ-

ment to which it is subjected (primarily temperature and charge

control). Each of these elements is examined in the following

text. In addition, the battery analysis is usually divided into

four categories to facilitate discussion. These categories are

plates, separators, case and electrolyte.

B. GUIDELINES FOR LONG-LIFE ASSURANCE

A shallow depth of discharge, limited overcharge and recharge

rates, and low temperature are necessary for a long life battery.

The average service life of a Ni-Cd battery can approach five

years and/or at least 7000 charge/discharge cycles. Twenty thou-

sand cycles can probably be obtained. These estimates are for
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depth of discharge cycles not exceeding 25% of rated capacity

and a battery temperature not exceeding 21.I°C. Ni-Cd batteries

can be stored for over five years if stored discharged, shorted

and about 0°C. Separators are the primary life-limiting elements

of the battery.

Desisn Guidelines

l) Design excess capacity into the battery to reduce the percent

depth of discharge and compensate for capacity decrease with

usage. The penalty is cost and watt-hours/pound;

2) The negative to positive plate area should be at least 1.5:1

so that the negative plate area can absorb the oxygen gener-

ated during recharging, preventing battery overpressure;

3) Use non-woven polyproplene separators since they degrade slower

than nylon at higher temperatures. The non-woven configura-

tion wets more readily;

4) iHermetically seal the battery to avoid degradation of other

spacecraft parts by the electrolyte;

5) Either plate the terminal seal braze with nickel or consider

using a nickel-titanium braze material to reduce the prob-

ability of electrolyte attacking materials containing copper;

6) Employ a pressure relief valve (200 psi or less setting) for

batteries used in manned missions to prevent crew injury in

case of battery overpressure. Provide backup monitoring of

the battery to terminate/reduce the charge should the primary

system fail. Replace battery if pressure relieved because

chemical balance is upset and cell case probably is distorted;

7)

8)

Use 304 or 304L stainless steel for case and cover material.

These materials have proven satisfactory;

Use ceramic to metal terminal seals that are more KOH resis-

tant than glass.

, Process Control Guidelines

i) Employ clean areas during processing and manufacturing to re-

duce the amount of harmful contaminants. Also, use clean lint-

free cotton gi0ves when handling components. Store Components

in clean plastic bags when not being processed;
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2) Employ clean processes, remove the carbonates and keep the

nitrates content down to prevent gas pockets that pop off ac-

tive material, (See text for recommended limits);

3) Flush plates after KOH is used in the process to form active

hydroxides to remove carbonates;

4) Flush and brush plates prior to installation to remove con-

taminants;

5)

6)

Coin plates flat. Flex and clean plates prior to assembly.

Have resident inspector examine plates for conformity Just

prior to cell assembly. These actions will reduce the prob-

ability of short by either projection of Jagged wire filament

through the separator or loose particles of plate material

or sometimes tab failures;

Weigh each plate to be certain weights are within ±3½% of

mean. Also, perform actual capacitance measurements to check

plate matching. Mismatched cells can prevent full battery

charge;

7) Control the brazing temperature-time relationship to prevent

excess dwell during brazing operations that can cause active

material penetration of ceramic seals;

8) Avoid rapid cooling after brazing to prevent cracked ceramics

and brazing voids.

9) Purge cells of air prior to injecting electrolyte to prevent

KOH reacting with CO 2 to form carbonates;

I0) Place plates under serialized control and provide traceability

for separators and electrolyte material to improve the quality

of individual cells which has varied more than desired;

ii) Require process and test controls for each active element a-

plates, separators and electrolyte to reduce end product vari-

ability.

Test Guidelines

i) Helium leak check the assembled cells. Option-chemical leak

check with phenolphthalein;
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2) Subject battery during acceptance test to a minimum of three

charge/discharge cycles, high impedance short test, and leak-

age tests. These tests should provide assurance that the

basic operating characteristics and construction are satis-

factory;

3) X-ray along three axes to find gross battery defects;

4) Conduct a minimum of 30 charge/discharge cycles on assembled

cells to eliminate infant mortality and to confirm the matching

of individual cells. Resident inspection should observe and

confirm these tests.

Application Guidelines

i) Maintain battery within a -20°C to +22°C temperature range

to retard separator deterioration;

2) Keep depth of discharge Below 25% of rated capacity to as-

sure a longer life;

3) Limit recharge and overcharge as denoted below to assure

longer battery life.

a) The recharging rates should be limited to the range of

C/2 to C/10. (C = rated capacity in ampere-hours)

b) The overcharge should be limited to:

105% C @ 0°C

115% C @ 25°C

125% C @ 40°C

4) Plan to replace batteries operating under favorable usage

and environments every five years (if feasible) - their max-

imum estimated life.

5) Store Ni-Cd batteries discharged, shorted and about 0°C to

obtain a storage life of about five years.

6) Monitor individual cell voltages for indications of cell de-

terioration and potential replacement requirements.

7) Erase most memory by discharging battery, short for 16 hours,

and then recharge if application permits and need arises.

Repeated shallow depths of discharge can prevent future fuller

depths of discharge ("memory").
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C. LIFE LIMITING PROBLEMS AND SOLUTIONS

lo

The three main areas of consideration are the battery itself, its

usage, and the environment to which it is subjected. The usage

and environmental effects are examined following the analysis and

discussion of cell failure modes. Battery life is particularly

affected by the depth of discharge and temperature. Recharging

must be carefully controlled to assure a full charge (if required)

and avoid overpressure.

Failure Mechanism Analysis (FMA)

Failure of a battery can mean several things. It can be a phy-

sical failure (i.e., seal leakage, tab breakage) or an electrical

failure (capacity or voltage anomalies). Any factor in the bat-

tery that causes it to cease functioning as is required by the

system would be described as a life-limiting factor. Table 2

presents a summary of the failure mechanism analysis. It delin-

eates the failure modes of the sundry battery elements, their

effects upon the battery, the probable failure mechanisms and

recommendations on how to eliminate/minimize the failure modes.

The following paragraphs discuss and elaborate upon the failure

modes and mechanisms. They also recommend means to delete/alle-

viate the failure mechanisms to enhance the probability of ob-

taining a reliable long-life battery. For convenience, the dis-

cussion is divided into plates, separators, case and electrolyte.

a. Plates - The active materials are cadmium hydroxide for the

negative electrode and nickel hydroxide for the positive electrode.

The active material is impregnated on plaques that have been

coined flat and smooth. Most plaques are composed of either nick-

el screen or perforated nickel sheets upon which carbonyl nickel

powder have been sintered. General Electric cell plates are per-

forated steel sheets which are dipped in a slurry. The loss of

active material will decrease the capacity of the battery.

The loss of the active material may be either due to actual phy-

sical loss of material or permanent passivation where negative

plate material becomes chemically inert. The migration of cad-

mium is not normally a problem except for long duration missions

when the separators degrade. One obvious solution is to build

excess capacity (larger plate areas) into the plates so that the

required capacity is still available at the end of the mission;

cost and weight constraints may prevent this solution.
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Table 2 FaiZure Mechanism Analysis - Nickel Cadmium Batteries

Part and

Function

A. Plates

(Contain

charge)

B. Separators

(separate,

insulate,

absorb,

and con-

ducts)

Failure

Mode

Loss of

active

material

Short

Plate

!mis-

!matches

Memory

Contam-

inates

Low

_resis-

tance

Contam-

inates

Effect on

Battery

Output

Lessens capa-

city available

Lower capacity

Lowers voltage

High tempera-

tures

Capacity

decreased

Capacity avail-

able limited.

Lower voltage

& current

Capacity

decrease

Lower voltage

& current

Rel.

Rank

2

1

Failure Mechanisms

i. Permanent passivatlon

2. Shedding

3. Redistribution or migra-

tion of Cd

i. Plate tabs broken, burned

or shortened against case

or other plate

2. Plate buckling

3. Projections of Jagged

wire filaments pene-

trates separators.

4. Loose particles of plate

material or metallic

particales introduced

during processing.
Mechanical environments.

i. Active material applied

uneven or wt. out of

tolerance.

I. Temporary passivation.

2. Depressed operating

voltage

Carbonate contaminates in

plates.

Separator deterioration

including dissolved, burned,

pinpoint penetration, and

impregnated with negative

plate material.

Material deteriorates, car-

bonates formed.

How to Eliminate/Minimize

Failure Mode

i. Operate within 0 to 22°C range.

2. Use proper plate geometry for

greater heat dissipation.

3. Don't overcharge excessively.

4. Employ clean processes, remove

nitrates and keep carbonate

content down to prevent gas

pockets from forming underneath

that pops off material.

5. Provide excess of cadmium oxide.

6. Start with battery with excess

capacity, penalties permitting.

%.

i. Don't weld tabs on - make part of

substrate. Use wider tabs.

Option: coin plates to receive

welded tab.

2. Coin plates including all four

edges, smooth.

3. X-ray for misalignment deter-

mination.

4. Employ clean processes and

materials. Flex and brush off

plates Just prior to assembly.

l.

i.

Require wt. of plates to be

within i3½ of that required.

Completely discharge, short, and

recharge to wipe out most of

memory.

Brush and flush plates prior to

sealing cells.

Limit operating temp. range of

battery to 0 to 22°C; 0°C pre-

ferred.

Use alkali resistant material

such as polyproplene or nylon.

Strict material and process

controls.

Perform insulation resistance

tests on material.

Use polyproplene for long-life

applications.

Low battery temps (O°C) retards

deterioration.

1.

i.

2.

3.

4.

i.

2.
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Table 2 (concl)

Part and

Function

C.

D.

E.

Case

(Contain

and sup-

port)

Electro-

lyte

Internal

Electri-

cal con-

nections

(Conduct

current)

Failure

Mode

Poor KOH

absorp-

tion and

distri-

bution

Leak/

burst

Post

to

cell

cover

short

Freeze

Open

Effect on

Battery

Output

Higher temper-

atures. Lower

capacity over

charging. High

voltage on

charge and low

voltage on dis-

charge

Lower capacity,

eventually be-

coming an open

circuit.

Loss of capa-

city, heating

No output.

Partial or com-

plete loss of

capacity, vol-

tage.

Rel.

Ran_

I.

How to Elimlnate/Minlmize

Failure Mechanisms Failure Mode

Improper material and i.

weave configuration. 2.

i. Oxygen overpressure due

to overcharging.

2. Seal or weld leakage or

failure.

3. KOH-case material not

compatible.

4. Under designed structure

i. Ceramic failure

2. Electro-metallic bridging

across ceramic

i. Low temperatures.

2. Carbonate'& nitrate

contaminates

1. Mechanical breakage of

cell terminals, plate

lugs or welded Joints.

Don't use woven nylon.

No non-woven configurations

except for nylon material.

(Polyproplene more difficult

to wet than nylon.)

i. Employ high pressure relief valve/

burst disc for manned mission.

2. Limit overcharge, especially

above 80% full charge (third

electrode, coolometer, voltage

limit, thermistor, stabistor or

2-step regulator).

3. Proper ratio of negative to

positive plate capacity.

4. Proper quantity of electrolyte-

Just enough to wet plates and

separator.

5. Leak test assembled cell.

6. Proper process control. Weld

per MIL-W-8611A. Passlvate per

MIL-F-14072, finish 300.

7. Use 304L, cond. A per QQS - 766

or equiv.

8. ceramic-to-metal seal preferred.

Suggest stress relieving design

such as a "floating" seal. Con-

sider redundant sealing surfaces.

i. Minimize quantity of braze used

with attention given to its

elimination on interior side.

i. Keep storage temp. above - 48°C.

2. Limit carbonate and nitrate con-

centrations to 0.01 gm/llter

and 1 mg/liter or less respec-

tively.

3. Don't expose to air as KOH has

infinity for CO 2.

i. Strict QC.

2. Avoid overly severe dynamic

stresses during usage.
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The material may be popped-off by gas pockets formed underneath

due to carbonate and nitrate contaminates. Elevated temperatures

and thermal cycling during charging and discharging can also cause

loss of material because of thermal expansion and contraction of

this very porous material. The formation of gas pockets can be

emended if the manufacturer maintains clean processes, removes

the carbonate and keeps the nitrate content down. Hence, the

procurement specification should require a clean work area and

require written material procurement and process controls that

will limit/reduce the amount of nitrate, carbonate and other con-

taminates. The consensus of opinion among users is that the ni-

trate and carbonate content of electrodes should not exceed, re-

spectively, 330 micrograms and i0 milligrams per gram of the

active material, sinter and substrate. The adverse effects (shed-

ding) of thermal cycling and elevated temperatures can be alle-

viated primarily by maintaining the battery within a narrow tem-

perature range; the temperature should be kept within 0° to 22°C -

a range that enhances battery life as discussed later in the hard-

ware life section. Proper plate geometry and battery case design

can aid in heat dissipation and minimal temperature gradients

across the battery.

Internal battery shorts are usually caused by two mechanisms:

Projections of jagged wire filaments thru the separators and/or

loose particles of plate material or metallic contaminats. A

third possibility is either positive plates or tabs touching the

negative case or positive and negative plates or tabs touching

depending on configuration. The plates are normally coined to

prevent protrusion of wire filaments. However, according to Mr.

Mains of NAD-Crane, Indiana, not all manufacturers coin plates.

In addition some manufacturers produce and coin only one size

of plate for economy reasons; hence, when a smaller plate is re-

quired, the larger standard and coined plate is cut, leaving two

rough edges. Procurement specifications should require all plates

to be coined and all edges to be smooth. Coining is the com-

pacting of the edges of the plaques under high pressure. An op-

tional approach is to cover the edges with an long-life epoxy

coating. However, epoxy coating has been known to shed and also

to have affected electrical performance.

Loose plate material can be removed by carefully flexing and

brushing-off plates just prior to assembly. Potential shorts due

to misalignment or poor workmanship can sometimes be detected by

radiography. Although radiography of the assembled battery nor-

mally shows only gross defects, it should be required. Loose

plate material is very difficult to detect since only about 5%

of the battery volume is outside the projected area of the plates.
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Copper contaminates can react with KOHand burn holes in the
separator material, producing a telltale blue spot and a subse-
quent short. The copper is usually from spot welding operations;
vigorous control of spot welding can overcome this problem.

Tabs should be as wide as configuration and weight constraints
permit. Wide tabs provide additional strength and current and
thermal conductivity. The tab should be an integral part of the
plate to avoid welding it to the substrate. The plates should
be coined to receive the tab if a welded configuration is neces-
sary; also if the tab weld is not sufficiently cleaned, heating
problems can occur.

If the plates are not closely matched in capacitance, one cell
of a battery will becomefully charged before the others. The
end result is that_the cells in a battery are at various stages
of charge and the battery does not obtain full capacity. Accord-
ing to Mr. Leuthard of Martin Marietta Aerospace, mismatch is
magnified with time, i.e., battery capacity decreases with time.
Since capacity is a function of the mass of active material, con-
trolling plate weight will provide plate matching within required
limits. The consensus of those interviewed indicated that plate
weights should be controlled within ±3½%of the mean. Procure-
ment specifications should require this weight matching. In ad-
dition, actual capacitance measurementsshould be taken during
cycling testing (to be discussed later) to check cell matching.

A Ni-Cd battery can develop a "memory"if it is subjected to re-
peated shallow depths of discharge. The battery cannot provide
deep discharges because of temporary passivation. The "memory"
can be mostly erased by discharging the battery, shorting for say
16 hours, and then recharging.

According to Mr. Ford of NASA/Goddard,carbonate contaminates
effect the rather delicate chemical balance in a cell, poisoning
the negative electrode. Nitrates are also undesirable. These
contaminates will eventually effect cell voltage, especially at
lower temperatures. The plates should be flushed and brushed
prior to installation to remove contaminates.

b. Sep_n_ator8- In addition to providing mechanical separation
of the positive and negative plates, separators must be able to
absorb and retain sufficient electrolyte to provide a conducting
path between the plates. They require a high electrical resis-
tance and a resistance to strong alkalis in a strong oxidizing
atmosphere. In addition, they require a gas permeability suf-
ficient to allow the oxygen produced at the positive during over-
charge to reach the negative.
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Separators are the primary life-limiting elements of the battery.
The separator material deteriorates with time and temperature
until they no longer either adequately separate the plates mechan-
ically or provide sufficient electrical resistance. Undesirable
carbonates are sometimesbyproducts of their deterioration. Nylon
has been satisfactorily employed for years as the separator ma-
terial; however, polyproplene is more oxidation and temperature
resistance than nylon. Polyproplene is difficult to adequately
wet and should be used only in a non-wovenconfiguration. It was
the consensus of the literature and those interviewed that poly-
proplene should be used for long-life and/or higher temperature
applications. The life of either nylon or polyproplene is ex-
tended if the temperature is kept below 22°C, preferably around
O°C.

c. Case - Leak or rupture are the cover and case failure modes.

Leakage usually occurs in only four places: weld of cell cover

to case, negative tab welds to case, and at the insulating seal

used to separate the positive terminal from the case and the pinch-

off tube. The case and cover is normally made of 304L stainless

steel, condition A per MILIW'8411 with all welded areas passivated

per MIL-F-14072, finish E300. This case material has proven ad-

equate, The case is sometime s 304 because of the cost and short

supply of 304L.

Ceramic seals (alumina of 99.4% purity) are almost universally

used today. They can withstand thermal shock better than the

glass seals that were once prominent. The KOH attacks glass.

The ceramic-to-metal seals were originally developed by electron

tube manufacturers. Figures 3 and 4 show two improved ceramic-

to-metal terminal seals. Note that single failure of the braze

to the cover will allow leakage.

The braze area should be as large as possible to increase the

sealing surface area. Stress relief members are employed to de-

crease the adverse effects due to thermal expansion or plate

movement during charging/discharging and dynamics. Weld and seals

are usually helium leak checked after assembly; this should be

part of the procurement specification.

The KOH electrolyte can attack the silver-copper-platinum braze

material that has been predominately used. A nickel platting has

been employed over the braze to protect it from the KOH. About
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four years ago, General Electric (GE) developed a nickel-titanium
braze material that is not attacked by the electrolyte. The GE
seal design also incorporates long leak paths. In four years of
testing, two at GEand two at NADCrane, no failures have appeared.
The GEseal should be given consideration when selecting a seal
design.

High pressures can be developed during recharge due to oxygen
generation. Gross overcharging can also release hydrogen, a
dangerous situation should a short occur. Ni-Cd batteries have
on isolated occasions exploded. The oxygen build-up begins
slightly below 80%of full charge; hence, meansto reduce the
charge rate above 80%should be employed. The application guide-
lines subsection discusses charging methodology in somedetail.
For mannedmissions, pressure relief valves on sealed Ni-Cd bat-
teries are mandatory. The pressure setting should be well above
the "normal" overpressure of about 50 psia to prevent leakage.
A relief pressure at the lesser of the proof pressure or about
200 psi is suggested; most batteries can withstand this pressure
with only bowing (not rupture). Should a valve relieve, KOHand
air could form carbonates on the valve, perhaps failing the valve
open or closed. Should a cell relieve, it should be replaced
since the chemical balance is upset. Perhaps a burst disk could
be employed in lieu of a relief valve. The open burst disc would
give a positive indication if a large overpressure had occurred
and the causes investigated. Oxygenoverpressure in a Ni-Cd bat-
tery will decrease to normal operating pressures after 10-20 hours
of nonoperation if the battery is functioning properly (oxygen
absorbed); this fact can be used as a check on battery condition.
Hydrogen overpressure will also disappear, but it takes about six
months.

d. Electrolyte - The electrolyte is normally a 34% potassium

hydroxide (KOH) solution. KOH has an affinity for the carbon

dioxide in the atmosphere, forming carbonates. This is why the

plates must be flushed after KOH is used in the process to form

active hydroxides. Batteries should be purged of air prior to

injecting the electrolyte thru fill tubes; a purge gas mixture

of 95% oxygen and 5% helium at 5 psig is suggested. The presence

of helium allows for subsequent helium leak checks. Each fill

tube should be pinched closed and welded shortly after filling.

Contamination of KOH should be prevented by utilizing burets while

filling to minimize exposure to atmospheric conditions.

4

|
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e. Failure Detection Methods - Most internal shorts can be de-

termined by a stand test, a capacity test, and a vibration test.

The stand test consists of completely discharging the battery,

allowing it to stand about 16 hours at a controlled temperature,

then measuring the cell voltage. The cell voltage at the end of

the stand period can indicate the existance of an internal short.

The standard electrical capacity test, which determines the num-

ber of ampere-hours available from a cell under fixed current

and temperature conditions, can also be used as an indicator of

internal shorts or high internal resistance. The vibration test

consists of vibrating cells before and after battery assembly.

Many irregularities are indicated from monitoring the voltage

via an oscilloscope before, during, and after vibration.

Radiography of the assembled cell can sometimes detect loose ma-

terial and gross workmanship defects that could cause shorts.

It is suggested that neutron radiography be investigated as an

inspection tool. In many applications, neutron radiography is

replacing the conventional X-ray because much more detail is

available in neutron radiography photographs.

Seal integrity can be checked by: (I) performing a helium leak

test prior to cell assembly at the proof pressure is suggested

since it also acts as a seal proof pressure test, and (2) sub-

Ject cells to a chemical-indicator leak test after assembly and

again after all testing.

Desisn

Much of the design criteria has been either stated or implied in

the FMA discussion. The following selection criteria concerns

the battery only. The hardware life and applications subsection

discussion covers the effects of usage and environment upon bat-

tery life and design. Environments and usage determine battery

life about as much as the design of the battery itself.

a. Selection Criteria - Table 3 summarizes the more pertinent

design factors to be considered in selecting Ni-Cd batteries for

long life missions. Much background information on battery lives,

failures, design, test, manufacturing and actual or potential
solutions is contained in References 2-7.

The NASA Battery Test Facility, NAD Crane, has conducted cycle

life programs since 1963. Over 1500 Ni-Cd batteries have been

tested and life parameters analyzed. The NASA battery workshops

transcrips provide technical discussions of Ni-Cd batteries. A
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Table 3 Design Factors for Long-Life Assurance

of Nickel Cadmium Batteries

Design Factors

I. Capacity Decrease with Usage

2. Oxygen Overpressure incurred

during overcharging

3. Separator deterioration

4. Hermatically Seal

5. Large Temperature
Gradiants

Remarks

Start with greater capacity than initially

required so that required capacity will be

available at end of service life. A

weight-resources tradeoff is required to

determine whether replacement or greater

initial capacity is optimum. This trade-

off can be performed only for each specific

program.

The oxygen is normally absorbed by the neg-

ative plates; therefore the negative plate

area should be large enough to absorb the

oxygen during normal over-charglng. A

minimum negative to positive plate ratio

of about 1.5:1 is suggested.

The concensus of opinion of those surveyed

was that polyproplene separation should be

specified for long duration usage. A non-

woven configuration has better wetting

characteristics and should be specified.

Keep the battery temperature below 20°C to

retard degradation; battery cooling may be

necessary.

It is necessary to hermetically seal space-

craft cells to avoid degradation of other

parts of the spacecraft due to chemical

action of gases from the battery. The

quality and stability of the ceramlc-to-

metal seals are quite good and will handle

normal pressures.

About O?C is the optimum temperature for

long-life. To avoid hot spots or large

temperature gradients, the battery geometry
must be correct to maximize heat transfer

characteristics. Specify a maximum temper-

ature gradient to be ±5°C cell to cell.

. Electrolyte attack of
terminal seal

KOH attacks brazing materials containing

copper. Either plate the braze with nickel

or consider using a nickel-titanium braze

material. Leak paths should be as long as

practical.
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soon to be released NASAGoodardspecification for Aerospace
Nickel-Cadmiumstorage Cells by Baer and Ford (S-716-P-28) will
establish requirements for hermetically sealed Ni-Cd secondary
cells with dual ceramic seals. A survey was taken of manufac-
tures and users by Martin Marietta Aerospace to determine life
limiting factors and solutions.

b. Survey Results - Two surveys were conducted. One survey in-

volved general questions concerning Ni-Cd batteries; the con-

sensus of the answers is presented in Table 4. The second survey

determined why specific batteries obtained long lives and high

reliabillties. The results of this survey are summarized in

Table 5. Response from both surveys are incorporated in the dis-

cussions throughout this chapter.

c. Alternate Approaches - Two general alternatives to the Ni-Cd

battery are the Ag-Zn and Ag-Cd batteries. Trade-off studies are

necessary to optimize for specific missions. While the Ni-Cd

battery is the best of the three from a general and long-life

standpoint, the other two, with their superior watt-hour per pound,

may be the choice in specific applications. The silver zinc bat-

tery may be the logical choice for a shuttle type mission because:

I) Weight of an Ag-Zn battery is about 1/5 that of a Ni-Cd bat-

tery for the same capacity;

2)

3)

The average price of an Ag-Zn cell is about $210.00 (165-amp-

hour), while that of a Ni-Cd cell is about $270.00 (300-amp-

hour);

The Ag-Zn battery is more vibration resistant than the Ni-Cd

battery. The plates can be restrained at bottom and top
corners.

It is recommended that the present and projected state-of-the-

art for Ag-Zn and Ag-Cd be investigated so that an accurate trade-

off can be performed with Ni-Cd batteries for specific applica-

tions such as shuttle. For example, a specific battery selection

study by Martin Marietta Aerospace indicated that the Ag-Zn bat-

tery is a better choice than the Ni-Cd battery for space missions

to 500 days on a watt-hour per pound basis.
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Table 4 Results of General Manufacturing�Agency

Survey - Nickel Cadmium Batteries

Questions

i.

.

Consensus Answer

What is the maximum ex-

pected life using low (to

30%) depths of discharge

@ 70°F. Cycles? Calen-

dar life? Storage?

What is the most probable

life limiting failure mode? terioration.
Cause? Remedial action?

Five year life and over 7,000 cycles presently

possible. Ten year life may be possible under

favorable discharge, temp., and charging con-

ditions. Can store for long periods if cool
and shorted out.

Plate-to-plate short caused by separator de-

Use polyproplene separators.

3. What means do you recom-

mend for charge control?

Third electrode, other?

4. What are the adverse ef-

fects of carbonate contam-

inate? Beneficial ef-

fects? How can one con-

trol/reduce carbonate

content.

5. What separator material

.and design criteria is

applicable to long life?

6. What seal and case ma-

.

,

Use time-charge relationship with voltage tem-

perature compensation for higher charge rates.

Carbonates depress voltage levels at low temps.

Effects of carbonates not fully known or con-

firmed. Control carbonate content in plates;

wash plates, don't let KOH see atmosphere.

Avoid nylon separators for long life appli-
cations.

Use polyproplene for long life applications.

Use non-woven configurations, Keep battery

temp low (20°C) to retard degradation.

Ceramic to metal seal preferred, 304 L cover

terial and design criteria and 304 case material is satisfactory.

do you recommend as appli-

cable to long life?

What plate material, de-

sign and controls are re-

commended for !ong life

assurance?

What process controls

related to long life are

required?

a. Tabs should be part of substrate; avoid

welding on. Tabs should be wide for

strength and current carrying capability.

Full width tabs desirable, wt. limitations

permitting.

b. Plates should be matched in weight to with-

in 3½% of mean. Check for capacitance

match during cycling tests.

c. Grid should be coined to decrease proba-

bility of separator penetration. All edges

must be smooth.

Must control each element that goes into a

cell. Cleanliness must be controlled.
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Table 4 (concl)

1 What inpections and

tests do you recommend?

Any accelerated testing

used?

i0. Are there any safety
hazards involved with

subject batteries.

a.

b.

X-Ray assembled battery. It will show

gross defects.

Perform sufficient cycling tests to "burn-

in", eliminate infant mortality, and con-

firm matching and capacity of individual

cells.

Battery can burst from overpressure due to

rapid overcharging, but probability of occur-

rence is very low. Can get hydrogen genera-

tion if very gross overcharging occurs. Em-

ploy a backup charge control to prevent gross

overcharging. Employ a pressure relief valve

for manned missions. Set relief pressure

high (_ 200 psi) to prevent venting unless bat-

tery is grossly overpressure. Avoid overdis-

charging or driving the cells negative to pre-

vent hydrogen generation.
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TabZe 5 _peeifie Component surveys

Part Description

and Using

Program

OAO-I

Orbiting

Astronomical

Observato;y

20 Amp-Hour

Sealed Nickel

Cadmium

Battery

OAO-2

Orbiting

Astronomical

Observatory

20 Amp-Hour

Sealed Nickel-

Cadmium Battery

Users Opinion of Why

Part Was Successful

Unsuccessful

Criteria

3 days operation

with desiEn llfe of

up to one year.

Reasons

Manufacturer's Opinion

of Why Part Was Suc-

Cessful

Unsuccessful

Reasons

i. Defect in charge

control hardware

not a battery de-

sign problem.

Recommended Guidelines,

Improvements, Procurement

Spec Requirements, Etc.

Recommendations

Guidelines

Battery Cell vendors should

not be responsible for man-

ufacture of the battery due

to difficulty in under-

standing the total Battery/

system requirement,

i. Deficient charge

control concept

and excessive

charge voltage

limit.

2. Lack of adequate

heat rejection

capability.

Successful

Criteria

Currently operating

full time with over

3½ years mission

time accumulated.

Design life of up

to one year,

Reasons

i, Improved charge

control system.

2. Improved bat-

tery thermal

control.

3, Improved bat-

tery cell speci-

fication; ist

usage of hl-rel

specification.

Successful

Design Improvements

I. Charge control revised

to 3 battery parallel

operation with con-

stant voltage, multi-

ple level method.

2. Heat rejection capabil-

ity doubled using in-

creased heat sink area

and louvers.

Specifications

Change from performance

oriented cell spec. to one

that also covers cell com-

ponent in-process re-

quirements.

Recommendations

Guidelines

I. Reduce Battery pre-

flight operation to

minimum.

2. Space Craft thermal

design to limit bat-

tery operational tem-

perature to range of

0°C to 20°C.

3. Optimize change con-

trol for application.

_m_rovements

i. Improve separation

material in cell.

2. Improve plate mate-

rial uniformity and

Mfg.

Specifications

1. Further refinement of

the "High Rel" type

cell spec.

Relative Impact on

Yield & Cost of

Incorporating

Recommendations

Yield

Improvements resulted

in successful oper-

ation of OAO-2

Criteria

Over 3½ years full

time operations.

Cos___&

Large

Yield Cost

5 year small

life

goal

small

small

moderate

moderate

moderate
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Table 5 (cont)

Part Description

and Using

Program

OGO

Orbiting

Geophysical

Observatory

12 Amp-Hour

Sealed Nickel-

Cadmium

Battery

Intelsat IV

15 Amp-Hour

Sealed Nickel-

Cadmium

Battery.

User_ Opinion of Why

Part Was Successful

Opinion

Successful

ICriterla

Design llfe of one

iyear.

iDemonstrated mission

ilife in excess of 2

_years.

Reasons

:i. Implementation of

improved charge

control

2. Use of strin-

gent cell screen-

ing tests with

selection and

matching into

batteries.

Opinion

Successful

Criteria

Four vehicles in or-

bited operation for

as long as 1½ years.

The design life is

7 years.

Reasons

i. Maximum depth-

of-discharge llm-

ited to 50%

2. Low battery op-

erational temp-

erature (65°F -

75°F) maintained.

3. Battery charge

controlled by

ground command and

rate limited to

C/15 rate. Ca-

pacity restored

based on calcu-

lated capacity

output from pre-

vious discharge.

Manufacturer's Opinion

of Why Part Was Suc-

cessful

Opinion

Successful

Reasons

i. Same as user.

2. Better design of

battery base plate

to allow increased

heat rejection.

Opinion

Successful

Reasons

i.

2,

Recommended Guidelines

Improvements, Procurement

Spec Requirements, Etc.

Recommendations

Same as OAO-2

Rigorous control of

cell manufacturing

processes,

Comprehensive cell

and battery screen-

ing tests including

Space Craft Flight

Acceptance test.

Recommendations

Guidelines

i. Use low battery oper-

ational temperature.

2. Minimize battery over

charge.

Design Improvements

i. Incorporate further im-

provements in cell ter-

minal seals.

2. Investigate further use

of new plate separation

materials such as types

of polypropylene.

Specifications

i. Further refined compre-

hensive cell specifi-

cations.

Relative Impact on

Yield & Cost of

Incorporating

Recommendations

Same as OAO-2

Yield Cost

i0 year Moderate

life

goal
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Table 5 (eoncl)

Part Description

and Using

Program

Nimbus Ve_cles

I thru IV

4 Amp-Hour

Sealed Nickel-

Cadmium Battery.

Users Opinion of Why

Part Was Successful

Successful

Criteria

Four vehicles in or-

bital operation for

as long as 3 years.

The design life was

six months minimum.

Reasons

i. Low battery op-

erational temp-

erature

(25°c ± 10°c)
maintained.

2. Use of stringent

cell screening

tests.

Manufacturer's Opinion

of Why Part Was Suc-

cessful

Opinion

Successful

Reasons

I. Space Craft power

management and

charge control lim-

its battery over-

charge and results

in maintaining

energy balance. An

auxillary load is

used to control

power available for

battery charge/

overcharge

2. Voltage limit

charge control with

over temperature

cut-off employed.

Recommended Guidelines

Improvements, Procurement

Spec Requirements, Etc.

Guidelines

i. Conduct Space Craft in-

tegrated tests in space

simulated environment to

assure system/battery

performance.

2. Where possible design

thermal control for

battery operation at

IO°C to 20°C.

3. Incorporate automatic

battery over-charge

control using signal

electrode battery

cells.

_m_provements

I. Employ rectangular cells

instead of the cylin-

drical type cells used

on Nimbus.

2. Use dual insulated

terminal feed through

£n cell design.

Specifications

i. Use of battery handling

document that maintains

stringent control of

bat£ery temperature

and usage prior to

launch critical to long

mission llfe.

Relative Impact on

Yield & Cost of

Incorporating

Recommendations

Yields Cost

Excess

of 3

years Moderate

Small
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d. Hardware Life and Application Guidelines - Besides the bat-

tery design itself, the battery usage and the environment to

which it is subjected have a direct bearing upon battery llfe.

To estimate the llfe of a battery, it is necessary to specify

the maximum depth of discharge and the maximum battery temperature.

A shallow depth of discharge is vital for battery long llfe. A

general concensus of manufacturers recommends under 25% depth of

discharge. Figure 5 illustrates how the depth of discharge affects

the cyclic life of a typical Ni-Cd cell. It can be noted that

depth of discharges greater than 40% of rated capacity greatly

decreases cyclic life. Very shallow depths of discharge (10%)

greatly enhance cyclic life. Mr. Vogentzie of General Electric

Company pointed out that one Sonotone cylindrical battery has

functioned for over nine vears in space, but the depth of dis-

charge was only 10%. Use of a battery with "excess" capacity is

one way of keeping the depth of discharge lower. A cell has both

a characteristic end of discharge voltage and a plateau voltage.

A cell should be discharged to their plateau voltage but not be-

yond for long llfe. Incidentially, the lower the rate of dis-

charge, the greater the capacity available to an external circuit

and the lower the internal temperature.

Temperature is one of the most important llfe-limitlng factors.

Many unfavorable effects result from using a battery at other

than optimum temperature levels. The separators degrade more

rapidly at higher temperatures, especially nylon at above 25°C.

The capacity of the battery is substantically decreased at tem-

peratures below -10°C. The concensus of those surveyed believed

an operational temperature in the battery of about 0°C to be

about optimum - separator and plate degradation is minimal. Also

approximately 0°C is the optimum storage and non-operational tem-

perature. The absolute lower temperature limit should be above

the freezing temperature where frozen electrolyte could cause

separator penetration.

It is apparent that means must be provided to maintain the Ni-Cd

battery at about 0°C to ensure a longer service and storage llfe.

NAD, Crane, Indiana, (Ref. 8) arrived at the following conclusions

following a cycle llfe program on 1586 batteries; "Life cycling

data shows that nlckel-cadmlum cells tests at 0=C give longer

cycle life, higher end of discharge voltages and less degradation

of ampere-hour capacities than cells tested at 25°C or 40°C.

Overall performance decreases with increase in the depth of dis-

charge at all test temperatures."
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The rate of charge is another parameter to consider for long-life

applications. Again quoting reference 8: "Cell cycle life is

extended when the amount of recharge is limited to the following
amount:

105% C @ 0°C.

115% C @ 20°C

125% C @ 400C

Operating performance can also be improved by recharging at rates

of between C/2 and C/10 with the recharging rates controlled by

auxiliary electrodes or cadimum coulometers."

The survey consensus of opinion was that using the present state-

of-the-art, a five year service calendar life and over 7000 charge/

discharge cycles (with 30% depth of discharge cycles) are possible.

These estimated lives assume the temperature does not exceed 22°C.

Ni-Cd batteries can be stored for long durations (over 5 years) if
discharged, shorted and kept cool (about 0°C). While it is true

that a few batteries have functioned longer than five years and

7000 cycles (one 12 amp-hr battery went 40,000 cycles @ 0=C), it

is believed that one should anticipate replacement of Ni-Cd bat-

teries for manned missions at about five years. Some of those

interviewed believed that a ten year life may be feasible, but

demonstrating this long a life (accelerated testing) was not cur-

rently practicable. It was suggested that real-time half-life

life tests of the best Of current batteries commence now to as-

certain their lines under optimum conditions.

The probability of a battery failing catastrophicly (suddenly)

is remote; they degrade with time and usage. Thus a review of

battery instrumentation data Can indicate the degradation of a

battery and the need for replacement. The voltages in each cell

(or a random selection) should be monitored before and after re-

charging for performance analysis. Mr. Schulman, Gulton Indus-

tries, suggested that batteries in storage be recharged and checked

every 3-4 months to check for any indication of degradation.

At this point, some discussion on charge control methodology may

be in order. The charge control methods used are voltage limit

control, auxiliary electrode, coulometer, stabistor, a two step

regulator, thermistor controlled voltage limit and the Sherfey

upside-down cycling regime. A discussion of charge control method-

ology is not within the scope of this study; however, the auxil-

iary electrode and the voltage limit control are briefly discussed

for orientation purposes. These two are the most commonly em-
ployed methods.
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Nickel-cadmium cells have been developed with an auxiliary elec-
trode whosevoltage, with respect to the negative terminal, is
dependent upon the partial pressure of oxygen in the cell. When
a nickel-cadmium cell is being charged, it generates oxygen very
slowly until it nears 80 percent of the required recharge; then
suddenly, the amount of oxygen generated internally increases
rapidly. The increased oxygen pressure causes a fast rise in
voltage between the auxiliary electrode and the negative terminal.
This increasing voltage is used to signal a control circuit to
reduce or terminate the charge current. The charge-current con-
trol circuit utilizes the auxiliary electrode voltage on sele¢ted
cells in the pack to reduce the charging rate after the cells
have received the desired amount of recharge. The circuit is
designed to monitor the auxiliary electrode voltage of each cell
while it is being charged. As the auxiliary electrode voltage
of any one cell of the pack approaches a preset value_ the cir_
cuit begins to reduce the charge current. Whenthe auxiliary
electrode voltage of any cell reaches the predetermined voltage
(trip voltage), the charge current will 5e reduced to a preset
trickle or to zero. The major disadvantage is that the oxygen
pressure is affected by temperature. The output current for a
given capacity will vary somewhatwith temperature, requiring
temperature sensing and a related output control circuits. Also
because of tolerances, the voltage outputs mayvary from cell-
to-cell. Mismatch of cells (capacity) could prevent the battery
from receiving a full charge since somecells mayreach full
charge first, calling for a charge rate decrease.

In the conventional two-step charge control method, cell packs
are recharged using a pack voltage limit. All charging is con-
stant current until the voltage limit is reached; at this time
the charge current is automatically reduced to protect the cells
during overcharge. The charge current is determined by the the-
oretical percent of recharge needed to be returned to the cells
following a knownamount of discharge. The capacity returned
for a given voltage is temperature dependent. Figure 6 showsa
typical cell voltage VS capacity returned. The curves assume
a given prior depth of discharge and a specified following charge
rate.

It is not possible to say that one charge system is superior.
The mission constraints and usage can affect selection. The fol-
lowing conclusions mayaid in charging method selection for de-
noted parameters. The conclusions are from Parametric Charge
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Studies for Aerospace Nickel-Cadmium Batteries by Prusse, Shain,

Betz and Sylvia of Gulton Industries (Ref. i0). The conclusions

are for near earth orbits with 65 minutes of charging and 35

minutes of discharging.

i) Initial charge voltage depends on state-of-charge, and does

not depend on temperature;

2) The conventional two-step charge control method is a suc-

cessful means of recharging cells previously cycled to 20%

depth of discharge. It cannot be successfully employed to

recharge cells previously cycled to 40% depth of discharge;

3) The auxiliary electrode charge control concept at the C or

C/2 charge rate is a successful means of recharging cells

previously cycled to 40% depth of discharge. At the C rate,

a 60% maximum depth of discharge can be recharged using the

auxiliary electrode.

D. TEST METHODOLOGY AND REQUIREMENTS

i. _ualification Tests

Demonstrating a Ni-Cd battery life of long duration (to ten years)

is not currently possible. Continuous and more rapid cycling

can demonstrate the necessary cyclic life in some instances; how-

ever, accelerated testing methodology to demonstrate calendar

aging has not been successful. The industry survey supported

this conclusion. The most common accelerated testing technique

is to subject a test specimen to elevated temperatures for re-

latively short periods of time and correlating the failures to

real time and normal operating temperatures. Rapid cycling and/

or peep depth of discharge can also accelerate aging (raising in-

ternal temperatures). Unfortunately some of the battery failure

modes are temperature dependent. For example, the nylon separators

fail rapidly above 50°C, but are stable around 0°C.

The calendar llfe of a battery can best be estimated by deter-

mining the lives of existing batteries with very similar construc-

tion and materials. Probably the best source of such data is from

NAD Crane who have been performing accelerated battery life tests
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since 1963. NAD Crane has been attempting to develop a life pre-

diction model when applied to an accelerated life situation. This

effort is described in QE/C 70/787. The mean and variance of the

Bayesian posterior distribution was used in the prediction model.

The battery qualification tests simulating anticipated shuttle

mission environments will be difficult because of the i00 launch

and re-entry environments encountered during the life time of each

spacecraft. The cumulative time for each environment can become

relatively large. At this time only cursory estimates can be
made of some of the shuttle environments. It has been estimated

that some components in the most adverse vibration locations could

see 30 to 50g rms random for !3/4 hours total. If a safety factor

of four is selected, a component such as a battery might be sub-

jected to as much as 7 hours of vibration per axes during a quali-

fication test. According to Mr. Mains of NAD Crane, cells have

successfully withstood up to 70 g rms vibration for five minutes.

Whether a battery could withstand up to 7 hours per axis at these

vibration levels is not known. The fatigue character,sties and

limitations have not been fully defined. The tabs and plate struc-

ture may be prime candidates for early fatigue failure since the

plates are not completely anchored solidly inside the battery.

Screening and Burn-In Tests

The majority of the aerospace battery users interviewed believed

that the quality of the individual cell components varied more

than desired. More consistent and longer battery lives would re-

sult from more comprehensive and stricter process controls and

inspection screening tests. Most of the battery manufacturers

also manufacture commercial batteries where competition forces cer-

tain economies. Greater controls for aerospace batteries will

mean greater costs, but better batteries. Use of the tentative

NASA/Goddard battery specification (S-761-P-6) should alleviate

this situation to some extent.

Tests should be conducted on the individual active components of

a battery on a lot sampling basis to insure constant life char-

acteristics. The "active" components are the plates, separators

and electrolyte. The life of a battery is limited by the life of

the battery component with the shortest life (separators). How-

ever, should the lives of other components decrease below that of

the separators, the battery life is reduced. Hence it is vital

that tests confirm the quality of components, The test method-

ology is known and need not be herein described. The procure-

ment specification should specify these tests in such detail that

consistent high quality is maintained. Prevention of the failure

modes discussed earlier should be considered in the test speci-
fications.
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The assembled cell should be subjected to sufficient burn-in to

eliminate infant mortality and confirm the matching capability

of individual cells. The burn-in is accomplished by a number of

charge/discharge cycles at a specified temperature, usually about

25°C and 0°C. The cycle frequency and depth of discharge are

varied to check various performance characteristics such as capac-

ity, pressure, cell voltage, recovery, etc. Some of the cycles

should be the same as its intended spacecraft usage. All vital

parameters should be measured; automatic cycling and recording

equipment is normally used. Comparison of individual cell volt-

ages provides a good indication of a cell's performance and match-

ing. A cell with a voltage lower than the others should be re-

jected. A minimum of 30 charge/discharge cycles is recommended

to provide some statistical significance of results. Resident

and trained inspectors should observe and confirm these tests.

The following minimum acceptance test is recommended:

I) Three overcharge/dlscharge cycles to see if required capaci-

tance is obtained. The battery temperature should be at the

actual/anticipated mission operating temperature;

2) One short test to check for high impedance shorts. Discharge

to 0 volts, short with a 1/2 ohm resistor for 16 hours, and

allow to set open circuit. The voltage should return to

greater than 1.15 volts;

3) Subject test specimen to vibration (may be combined with the

three charge/discharge cycle tests). X-ray test specimen be-

fore and after the vibration tests to check configuration,

workmanship, and particulate matter (Note: Temperature cycling

tests are not possible because of possible high temperature

degradation.);

4) Check for case and seal leakage with either hydrogen leak

testor or chemical alkali tests (phenolphthalein) under vacuum.

E. PROCESS CONTROL REQUIREMENTS

Until recently many aerospace cells were procured by specifying

the output characteristics and the qualification tests. Because

of the the greater reliability and longer lives required for space

applications, the users are now beginning to look inside the cell

and attempt to control the quality of the components.

XII-32



A small variation in a process can change the life and reliability
characteristics. For example, the quantity and distribution of
KOHelectrolyte is important. Insufficient KOIIand someareas
can be dry. Too muchelectrolyte can prevent proper oxygen re-
combination or the third electrode (if used) doesn't function
properly. If the electrolyte is drained from a cell, only a few
cc would be obtained, the rest remaining in the separators and
electrodes. (Ni-Cd batteries are essentially "dry" or "starved.")

The consensusof those interviewed (Table 4) was that each com-
ponent that goes into a cell must be controlled to assure a good
end product. Strict control of existing processes is the key to
uniformity. The vendor should be required to supply a Manufac-
turing Control Document(MCD)to the customer. The MCDidentifies
the manufacturing processes, procedures and inspection documents
in the production of parts. The users should use discretion when
specifying process controls that might require altering a vendor's
process. Mr. Voyentzie (General Electric) pointed out the problem
of drastically changing process controls that have been working
for years. It may take years to confirm the newprocesses. Mr.
Carr stated that Eagle-Picher has a NASAcontract (NAS5-21159)to
determine the effects of process variables such as carbonates,
loading, etc. on life.

Componentsshould be serialized and material traceability pro-
vided so the causes of anomalies can be traced. Retain material
test samples in bags in case troubles develop later. Samples
should be retained at discrete points in the cell manufacture.
A log should be kept on the history of each cell.

The survey also indicated that continuous cleanliness during the
processing was essential to reduce the amountof contaminates.
All plates, separators and materials should be handled with lint
free cotton gloves and sealed in clean roomgrade plastic bags
whennot being processed. The process area should be a clean area.
The need for gloves is illustrated by the meansused to check the
plates for pimples, burrs and discontinuities - hands are rubbed
across the plates to inspect for projections greater than 0.004
inches.

The previous text on life limiting problems contains recommenda_
tions for critical process controls for specific problem areas.
To orient those not familiar with the manufacturing processes in
making an electrode, the following description is offered.

i) The basic material is either a nickel screen (madein France)
or a perforated nickel sheet;
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2)

3)

4)

Selected carbonyl nickel powder is sintered onto the basic

material to form a porous sintered plaque. It has a porosity

of about 80%. The plaque is coined;

The plaque is impregnated with nickel nitrate for the positive

and cadmium nitrate for the negative electrode. The nitrates

are converted into active hydroxides by placing the plaques

in KOH and passing a current. The plaque is now called a

cell prate. It is essential that the weight of active ma-

terials on each plate be very close to the mean value to as-

sure capacity matched plates. The amount of active material

(and area) of the negative plate is greater than that on the

positive plate to prevent the negative plate from obtaining

a full charge. Premature charging of the negative plate to

full capacity will lead to increased voltages due to the evo-

lution of hydrogen. NASA/Goddard recommends a minimum 1.5:1

negative to positive plate area.

The plates are washed, dried and assembled into cells, pris-

matic or cylindrical, and separators are added.

Fo PART USAGE CONSTRAINTS

The aerospace Ni-Cd batteries are not normally off-the-shelf items

but are procured for a specific mission. Hence, it is not prac-

tical to list acceptable and unacceptable batteries. The fol-

lowing general features are desirable for long-life applications:

I) Hermetically sealed to retain electrolyte and prevent contam-

ination of surrounding spacecraft.

2) Voltage monitoring leads for the individual cells to permit

monitoring of battery condition for degradation with time:

3) Over capacity batteries for the particular mission is suggested

if the weight penalty is permissible. Capacity decreases with

age; therefore, an over capacity battery will provide the

necessary output longer.

4) The negative plate capacity should exceed the positive plate

capacity by 50% to negate the effects of negative plate pas-

sivation. Excess negative capacity also decreases overcharge

pressure.
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5) Pressure relief valves should be used on batteries used on

manned missions to preclude crew injury should high battery

overpressure occur.

In addition to the battery itself, consideration must be given to

maintaining the battery temperature and charge. Temperature con-

trolled environment for the battery will prolong life, a 0°C

temperature is recommended. An additional study is recommended

to determine the optimum means of controlling battery temperature

and means of recharging.
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Xlll. TRANSDUCERS

A. INTRODUCTION

This study addresses and provides long-life guidelines for temper-
ature, pressure, flow, humidity, oxygen, and carbon dioxide sen-
sors. The latter three types of sensors involve hardware and
approaches so diverse that their characterization by a failure

mechanism analyses and other very specific ana!ytlcal approaches

is not feasible; therefore, these are discussed from the standpoint

of their current development status and their relative desirability

for long-life applications.

Transducers may produce their own energy, such as a thermocouple,

or they may require a power source, such as a strain gage. Cer-

tain transducers require electronic circuitry. In such cases, they

may contain either their own integrated electronics, or the elec-

tronics may be separately provided - sometimes by the transducer

manufacturer, and sometimes by the procuring agency.

The general characteristics of a transducer are:

i) Size, weight, volume;

2) Accuracy;

3) Power requirement;

4) Sensitivity;

5) Stability (sensitivity to drift);

6) Linearity and hysteresis;

7) Response time and recovery time;

8) Susceptibility to environments;

9) Life and reliability, and;

i0) Cost.
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These are the trade-off parameters which must enter into any selec-

tion of a transducer. For example, the most widely used pressure

transducer is the potentiometric type. Its very wide usage is due

to two factors: It is relatively inexpensive and it has a very

low power requirment. On the other hand, it is not the best choice

for long-life, high reliability, or severe vibration and shock ap-

plications.

Section B presents the long life assurance guidelines. The long-

life assurance problems and solutions of each of the six transducer

types addressed are presented in separate sections of this chapter

as denoted below. Section I presents the results of the industry

survey for all six transducer types. Section J presents the re-

ferences and bibliographies.

Transducer Type Chapter Section

Temperature C

Pressure D

Flow Meters E

Humidity F

Carbon Dioxide Sensors

Oxygen Sensors H
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9. GUIDELINES FOR LONG-LIFE ASSURANCE

Selected pressure and temperature transducers are capable of life

excess of i0 years. Flow meters have less life capability, but

meters without moving parts and operating in an environment of low

contamination and corrosion are capable of long-llfe. Humidity,

oxygen and carbon dioxide sensors are llfe limited, requiring peri-

odic maintenance actions such as cleaning, and replacement of car-

tridges.

A prime problem with transducers is the lack of long-term stability

(freedom from drift). The solution to this problem lles in making

the total transducer dimensionally stable over long periods of time.

Accordingly, it is important to mimlmlze the use of non-metalllc

materials and to employ and control processes that yield parts in

a stress free condition. Long term stability (and process control )

must then be demonstrated through testing of the assembled trans-

ducer under appropriate environmental conditions such as tempera-

ture cycling.

A well-constructed test program provides the best assurance that a

transducer will perform satisfactorily in a long-life application.

Unfortunately, the lead time available from selection of a trans-

ducer to commitment of the transducer to service may be only a

fraction of the time required for a comprehensive test program.

Therefore, transducers should be chosen where such data has already
been acquired.

Long-llfe transducer applications fall into two broad classifica-

tions: open-loop and closed-loop. Open-loop applications only

provide information regarding the performance of a system. Closed-

loop applications involve a control function to regulate a system

based upon transducer output. Transducer failures in open-loop

applications result in uncertainty about the condition of the sys-

tem, while similar failures in closed-loop applications result in

failure of the system. Consequently, closed--loop applications of

transducers are more critical from the standpoint of failure ef-

fects. They require greater attention to the factors influencing

reliability and life.

In general, redundancy techniques do not provide solutions to trans-

ducer problems. Active redundancy cannot provide a solution if a

known life limiting mechanism exists in the transducer. Multiple

potentiometer wipers, exposed to the same wear, may fail within the

same time span. Stand-by redundancy is generally not feasible.

XIII-3



I,

In standby redundancy a non-active transducer is protected from the

failure producing condition until the first transducer has failed.

Applications involving stand-by redundancy are severely restricted

by size/weight and the complexity of devices required to switch

from the active to the stand-by transducer.

General Transducer Guidelines

l) Procurement specifications should be tailored to permit the use

of existing designs with proven long-term stability and in

current production. Even minor changes to a proven device may

invalidate its long-term stability and reliability. Exceptions

to this rule should be held to the absolute minimum.

2) A basic cause of problems has been poor technical communication

between the manufacturer and the procuring agency with non-

technical people in the loop, such as procurement personnel

and sales representatives. Timely and efficient communication

on technical requirements and problems must be achieved to in-

sure a reliable product.

s) Use hermetically sealed, welded case designs. These are avail-

able with almost all types of transducers and are preferred for

long-life applications.

4) Designs which eliminate or minimize the use of non-metallic

materials are preferred. With many transducers, the creep and/

or deterioration of internal non-netallic materials, such as

epoxy bonding agents, is a primary life limiting factor. An

example of a design approach which eliminates all non-metals

is the thin film strain gage pressure transducer.

5) The basic design should minimize stress-induced creep. During

manufacturing, annealing processes should be used to further

reduce the internal stresses which produce creep and calibra-

tion shifts. With many transducers, the creep of metal parts

under stress causes calibration shifts.

6)

7)

Transducers for long-llfe applications should be selected,

wherever possible, only when long-term, or valid accelerated

test data is already available to provide proof of long-term

stability.

Employ transducers based on simple operating principles and no

moving parts since they provide the best promise for long-life

applications. Bearings, pivots, gears, and sliders may all be

required in a high-performance, high-resolution transducer;
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however, the llfe of such devices will be limited. To achieve

long-life, transducer performance may sometimes have to be

sacrificed in favor of simplicity.

s) In selecting a specific transducer, the complexity of the as-

sociated electronics is frequently the primary threat to

long-life. This factor should be strongly weighted.

9) The electronics associated with transducers should be fabri-

cated using screened Hi-Rel parts. If this is not affordable,

screening the electronics at the component level using the

temperature cycling policy developed in Volume IV, Chapter II,
is recommended.

i0) Variables introduced in manufacture and assembly of a trans-

ducer must be controlled if long-llfe is to be achieved. His-

torical data indicate that many transducer failures can be

attributed to poor process control, poor workmanship, and in-

adequate quality control. Poor solder joints and introduction

of moisture and other contaminants during manufacture have
been problems.

ii) The larger devices are usually preferable for long-llfe and

reliability. They are generally more rugged and less sensi-

tive to manufacturing process deviations. Attempts to min-

iaturize a proven transducer design often compounds work-

manship and process control problems.

Specific Transducer Guidelines

a. Temperature Transducers

i) Platinum wire resistance sensors are preferred for long-llfe

applications. The wire must be of high purity and wound in a
manner to minimize mechanical strain.

2) Avoid the use of thermocouples coupled with hi-galn amplifiers

because of the problem of thermal instability. Thermocouples
are best suited for high temperature measurements.

3) Some thermistors, depending on the specific manufacturer, are

subject to drift. Such devices should be stabilized by a 1000-
hour burn-ln at 150°C.

4) Quartz crystals provide very stable performance, but the com-

plexity of the associated electronics creates a greater chance
of random railure.
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5) The use of sensistors should be limited to circuit compensation
applications because they lack stability as temperature sensors.

6) Life, reliability, and stability should be demonstrated by ac-

celerated temperature cycling with the temperature range and the

number of cycles exceeding the projected use conditions.

b. Pressure Transducers

i) The diaphragm should be designed to operate at less than 50%

yield to achieve a llfe of 106 cycles.

2) Pressure transducers should be designed with a burst-to-oper-

ating pressure margin of 250% minimum to minimize the risk of

case rupture.

3) Over-pressure stops should be designed into the transducer to

prevent damage to the diaphragm when exposed to pressure surges

or transients.

4) The bonding of strain gages is critical because creep of the

epoxy will cause drift. Designs which eliminate non-metallic

materials are preferred for long-life applications.

5) eotentiometric transducers are not the preferred choice either

for long-life applications or for stringent vibration and shock

applications because they are susceptible to noise and wear from

wiper dither in localized segments of the resistive element.

6) Absolute pressure transducer designs which eliminate feed-

through wires into the reference cavity are preferred since they

eliminate potential leak paths. Cleaning and sealing of the

reference cavity is critical.

7) Pressure transducers should be stabilized by 5 to 20 tempera-

ture cycles, depending on the accuracy requirements.

e . H_nid ity

l) The dew point hygrometer should be limited to applications in

which scheduled maintenance is available, The sensing mirror

is susceptible to contamination and should be accessible for

periodic cleaning.
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2) Aluminim oxide hydrometers are not recommended where accuracy

and long-term stability are required. Simplicity of the de-

vice is offset by its susceptibility topolsonlng (and drift)

by atmospheric contaminants.

3) Quartz crystal hydrometers with solid sorbents are suited to

applications requiring high sensitivity and stability over

a wide range of relative humidity.

d. Flow Meters

I) Head-type and thermally sensitive meters are sensitive to fluid

temperature and require compensation to permit accurate measure-

ment over a wide temperature range.

2) Head-type meters are susceptible to calibration drift resulting

from orifice contamination and should be protected with filters
in the fluid line.

3) Heat-type meters should be of all welded construction and de-

signed for 250% overpressure to minimize the risk of case rup-
ture.

4) Thermally sensitive meters should be avoided in rapid response

applications involving stringent shock and vibration environ-

ments. Heater and thermocouple of elements in these meters

are fragile and susceptible to damage.

5) Volumetric turbine meters should be restricted to applications

in which steady flow is anticipated and fluid temperature is

maintained within narrow limits. Thermal expansion of the meter

turbine and housing will result in wear, internal leakage, and

loss of accuracy.

6) Magnetic flow meters contain no moving parts susceptible to wear

and require no obstruction in the fluid stream. They are pre-

ferred in applications where maintenance is permitted without

disturbing fluid lines.

e. Oxygen�Carbon Dioxide Sensors

l) Except for the electrochemical cell, the complexity of instru-

ments available for sensing oxygen or carbon dioxide does not

warrant their use in long-term, unattended applications. These

instruments include mass spectrometers, infra-red analyzers, ion

chambers, spectrophotometers and chromatographs.

2) Electrochemical cell sensors are preferred in applications re-

quiring long-term stability without calibration for I000 hours.
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C. TEMPERATURE TRANSDUCERS

The failure mechanism analysis of temperature transducers presented

in Table 1 is discussed in the following paragraphs.

The simplicity of temperature transducers provides a low probability

of random failure and, in general, wear-out failure modes are not

present. For long-life applications, the measurement stability or

freedom from drift is important. The relative importance is a func-

tion of the required long-term accuracy. A study by E. E. Swortz-

lander (Reference i) directed towards the selection of a transducer

for the Skylab telescope mount experiments gives the following data:

T_y_p_£ Stability

Quartz crystal ±0.01 deg C per year

Platinum Wire ±0.03 deg C per year

Thermistor ±0.05 deg C per year

Thermo Couple il.5 deg C per year

Sensistor i20 deg C per year

_artz Crystals

Recently, quartz crystals have been developed with a linear temper-

ature coefficient of oscillation. The crystal is used in an untuned

oscillator and the output clipped. The resulting signal can be

processed with all digital techniques.

Quartz features an orderly crystalline structure which is noted for

its mechanical properties. The sensor is extremely stable and does

not require special handling or careful annealing as do many of the
other sensors.

A monitor can be designed around this sensor using fairly straight-

forward digital circuitry. The temperature sensing crystal deter-

mines the frequency of an oscillator. The output is mixed with the

output of a high stability reference oscillator; the difference fre-

quency is counted for an accurate period of time, and the result

displayed. If the reference and nominal sensor frequency are se-

lected to be about 28 MHz, the difference frequency will change by

acout i KGz/degree C. A 28 MGz system is further attractive because
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of its small size. Repeatable measurements with such a system require

a highly stable reference oscillator; this necessitates a temperature

stabilized environment for the reference oscillator, which involves

a considerable power expenditure.

The complexity of the associated electronic circuitry, as compared

with the other types of transducers, results in a much higher chance

of random failure; therefore, this approach should be used only for

special applications where very high stability is required. The

random failure probability for a particular design can be calculated

by convential reliability techniques. It can be minimized by the

use of circuit redundancy and Hi-Rel electronic parts.

Platinum Wire Resistance Sensors

The electrical resistance of pure metals varies with temperature at

about 0.2 to 0.5 percent per degree centigrade. The resistance ver-

sus temperature characteristic for pure platinum is especially

stable and reproducible. The platinum is drawn into a very fine

gauge, wrapped around a bobbin support (with a coefficient of ther-

mal expansion similar to that of platinum), and then sheathed in

stainless steel, glass, or vitrified ceramic for environmental pro-

tection.

The high linearity of the resistance vs temperature characteristics

of this sensor is an important feature, but equally important is

the extreme stability and reproducibility of this relationship.

Commercially available platinum resistance temperature sensors have

a repeatability and long-term stability better than ±0.03 degree C

at the ice point (0.01 degree C).

This sensor is capable of a llfe well in excess of !0 years, pro-

viding the design is qualified by extensive temperature cycling to

verify that the thermal coefficient of expansion differences ex-

isting in the packaged unit will not cause loss of the seal, or

breakage of the fine platinum wire. A platinum wire sensor can be

designed for the same resistance with a few turns of very fine wire

or more turns of larger diameter wire. Hence, for long-life and

high reliability applications, the largest wire size practical
should be used to minimize the chance of failure due to a broken lead

either from mishandling or from damage during fabrication. For de-

vices exposed to corrosive media, the sheath should be selected and

tested to preclude any long-term corrosion.
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3. Thermistors

Technology has not permitted production of consistent and uniform

semiconductor resistance sensors until within the last few years.

The majority of such devices are produced by slnterlng various mix-

tures of the oxides of cobalt, copper, iron, magnesium, manganese,

nickel, titanium, uranium, and zinc. Devices of this type are called

Thermistors (from thermal resistors) to distinguish them from sili-

con bulk-effect semiconductor temperature sensors.

Thermistors are exceptionally sensitive, more than an order of magni-

tude greater than platinum resistance sensors.

The large range of resistance covered by a thermistor makes it nearly

impossible to match circuit impedances to them. Also the logarithmic

resistance temperature curve shape is a drawback. However, one

method of combining both of these negative features in such a way

as to achieve nearly linear characteristics over moderately wide

temperature ranges is described by Swortzlander (Reference i).

In the past, thermistors have been relatively unstable devices.

Aging of the exposed slntered material caused large resistance shifts,

but hermetic sealing of the element has alleviated most of the pro-

blem.

JPL has found that high temperature burn-in is necessary to stabilize

the devices from most manufacturers. In applications where less

than 1% drift is required, their recommended practice is to burn
the devices in for i000 hours at 150°C and then to measure the tem-

perature resistance curve over the desired operating range. The

devices are then burned in for 168 hours at 125°C and the tempera-

ture vs resistance curve verified. JPL has found this technique

to be superior to a temperature cycling test. The stability of

thermistors is a strong function of the particular manufacturing

processes and the controls on the processes. For example, some

manufacturers (such as Yellow Springs Instrument Co.) have developed

methodswhlch yield particularly stable devices. When thermistors

are procured from such sources, the burn-ln, recommended above, may

not be necessary.

. Thermocouples

Common types of thermocouples are chromel/alumel, iron/constantan,

copper/constantan, and platinum 10% rhodium/platinum. Thermocouple

junctions either may be exposed to the gas or liquid being measured

or they may be protected in metal sheaths. For long-life applica-

tions, it is always preferable to protect the Junction in a her-

metically sealed cavity, but this may not be feasible when a high

response rate is necessary.
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k%en the thermocouple is selected and applied to avoid corrosion

or high temperature degradation, the life is almost unlimited. How-

ever, thermocouples are subject to a gradual drift (aging) over a

long period of time. Also, slight impurities can cause gross sensi-

tivity changes. These considerations generally limit thermocouple

accuracy to ±I.5°F.

Another drawback for a stable long-life is that the low sensitivity

of the thermocouple may necessitate high gain amplifiers which are

generally subject to thermal instability. For example, a platinum-

platinum 10% rhodium thermocouple requires a gain of about 2150 to

yield a 0 to 5V for a range of 0 to 700F. Amplifiers with closed

loop gains of much over i00 are generally subject to thermal in-

stability. In addition, thermocouple measurement systems are un-

wideldy in the sense that a reference Junction is required, and the

thermocouple wires generally have to be run in the cable harness

to the cold Junction. It is concluded that thermocouples are pre-

ferred for the measurement of high temperatures, but have less

utility for measurements over small ranges.

Silicon Bulk Resistance Sensor (Sensistors)

The thermal sensitivity of a typical sensor is about 0.7% per degree

C, which is roughly twice the sensitivity of platinum wire resis-

tance sensor.

The problem with the silicon bulk resistance temperature sensors is

that the units which are commercially available are subject to

large variatigns fr0m one unit t0 the next. A typical unit has a

resistance of 2.7 Kilohm ±5% at 25 degree C, and a resistance of

4.6 Kilohm ±7% at !00 degree C. In addition, the resistance at 25

degree C is subject to variation by as much as ±15% as a result of

aging, vibration, shock, etc. Since the sensitivity is about 0.7%

per degree C, a temperature measurement Could be in error by as much

as ±20 degree C anywhere a!png the curve. A sensor of this type is

extremely useful for compensation of transistor parameters which

are temperature dependent i.e,, hfe , but is of limited utility as

a temperature sensor .....

Selection Criteria

Important design factors for temperature transducers for long-life

are summarized in Table 2. The two most important features, and

these are common to almost all types, are that the device should be

hermetically sealed. Any device selected should have existing test

data which establishes that repeated temperature cycling will not:
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Table 2 Selection Criteria - Temperature Transducers

Design Factor Remarks

A. Quartz Crystal

Electronics

B. Platinum Resistance

Package Design

Wire Size

C. Thermistor

D.

Stability

Thermocouple

Package Design

E. Sensistor

Stability

Since the llfe and reliability depend upon the associated elec-

tronics, these must be fabricated from screened parts, properly

packaged, and with thermal control provided to the reference

oscillator to avoid temperature drift errors.

Insure that the design of the core (usually ceramic) and the

wire wrapping are thermally compatible. The device should be

hermetically sealed.

Use the largest wire gage feasible to minimize an open failure
mode.

Select the manufacturer whose devices are not subject to drift,

or stabilize the devices with high temperature burn-in. Use a

hermetically sealed device.

Insure that the package is designed to avoid problems of thermal

coefficient of expansion differences. Use hermetically sealed

devices with the Junctions protected. If response requirements

prohibits this, insure the metals selected cannot be corroded by
the medium.

Thermocouples are low output devices and, hence, the amplifiers

must be selected to provide significant gain while maintaining

thermal stability.

Not stable enough to use as a temperature sensor. The main ap-

plication is in solid-state circuit temperature compensation.
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(!) degrade the integrity of the device due to thermal coefficient

of expansion differences in the packaging and seal materials, and

(2) will not cause a shift in measured output. This latter pro-

blem is significant with thermistors, where some manufactured pro-

ducts must be stabilized by a high temperature burn-in, while

others are fabricated with special processes yielding a stable de-

vice.
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D. PRESSURE TRANSDUCERS

Pressure transducers_cons ist of many combinations of sensing ele-

ment and transduction approaches. The most common combinations

are shown in Table 3.

The various sensing devices for pressure transducers illustrated

in Table 3 do not comprise a life limiting, fatigue problem when

properly designed and applied. Their capability is quoted by

nearly all manufacturers as exceeding l0b cycles. This is equiv-

alent to 300 cycles per day for i0 years. Even properly designed

bellows configurations are capable of long-life. However, they

are more apt to acquire a permanent set requiring recalibration.

An advantage of the diaphragm-beam type of construction is that

the electronics are isolated from possible temperature transients.

The material for the diaphragm is usually selected for optimum

properties of linearity and hysteresis; but attention must also

be given to possible corrosion from the pressure medium, although

this is usually not a problem.

In applications where inadvertent overpressures may be applied,

diaphragm stops are incorporated to prevent damage to the sensing

element.

An absolute pressure transducer is achieved by evacuating the

downstream reference cavity. Long-term stability then depends also

on maintaining the reference pressure. The preferred design is one

which has no electrical feed-through since these are potential leak

paths. In addition, the reference cavity should be thoroughly

cleaned and outgassed prior to sealing by welding.

The life and reliability is more strongly influenced by the trans-
duction devices. Failure mechanisms are summarized in Table 4

and discussed in the following paragraphs.

Potentiometer

Potentiometer cycle lives quoted by manufacturers are in the order

of 105 cycles, but these are full-range cycles and are not neces-

sarily indicative of their true life capability. For example, the

total travel of a potentiometer is typically about 0.2 inches. A

typical potentiometer is wrapped using 0.4 mill wire. During stor-

age and handling, the transducer is exposed to daily pressure and

temperature changes, transportation on rough riding carts and

trucks, etc. This causes wiper dither and very localized wear on

Xlll-15



Table 3 S_ary of Con_on Pressure Transducer Design Approachee

Sensln_ Devices ........................._ .............

I

Transduction Devices

Flat Diaphragm

Corrugated Diaphragm

Diaphragm-Beam

Bellows

Straight Tube

Twisted Bourdon

Tube

Circular Bourdon

Tube

Unbonded Strain Gage

Bonded Strain Gage

.-j
I "- ---_-- ............ Thin Film Strain Gage

_ ._ .... _ .......... Silicon Strain Gage

Variable Reluctance and

Differential Transformers

Potentiometer

¢
Absolute Pressure Trans-

ducer. Any gage pressure

transducer becomes an

absolute pressure trans-

ducer when the downstream

cavity is evacuated to

the reference pressure

(usually 0)
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one small segment of the winding. This may also loosen contaminating

materials and particles. Most failures are due to this cause rather

than full range cycling. Obviously, this phenomena is most marked

with the low pressure transducers.

Other disadvantages of the potentiometric types are that they are

more subject to overpressure damage. Their damage threshold is

in the order of 200% of full range, as compared with 500 to 2000%

for other types. This is because of their long travel (0.2 inch)

as compared with the other types. Also, their tolerance for vibra-

tion and pyrotechnic shock is significantly less than for the other

types, and is in the order of 15 to 20g rms (vibration) and 3000

to 5000g (shock) for the other types.

Despite these disadvantages, potentiometric types probably represent

90% of all transducers used. Their widespread usage is due to

two factors. They are very economical, but their primary advantage

is their low power requirement, about i ma at 5 volts. However,

current trends in instrumentation are tending to favor the adoption

of the other, longer life types. For example, three years ago a

nominal power requirement for a strain gage type was about 200 ma,

but currently this has been reduced to about i0 ma. Instrumentation

systems which switch the devices on and off, as required, are be-

coming more feasible. It therefore seems reasonable that for long-

life applications, the potentiometric apporach should be discouraged

in favor of the other, longer life types. It should be mentioned,

however, that some potentiometers have provided relatively long

service. Genesco Technology supplied one to Honeywell that lasted

8 to i0 years, and Servonics has had potentiometers in Saturn since

1966 that still function. In the final analysis, however, poten-

tiometers cannot be deemed the best choice for long-life applica-

tions.

With respect to the incidence of so-called "random" failure in

potentiometric types, a paper (Reference 2) by John A. Wickham

reports on the analyses of 265 transducer failures on a launch ve-

hicle 1959 to 1967. His data, (Figure I), shows the failure rate

of potentiometric pressure transducers was greater than for vari-

able reluctance types and much greater than resistance thermometers.

Unbonded Strain Gage

Unbonded strain gages utilize wire wrapped over ceramic terminals

and held in place by a non-metallic bonding agent. One set of

terminals is fixed and the opposing set connected by welded beam

structure to pressure diaphragm. Significant zero shift and
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sensitivity changes occur during initial temperature and pressure

cycling due to stress relief of the welds and minor creep of the

bonding agent. Once past this initial relaxation period, however,

zero shift and sensitivity changes will remain within acceptable

tolerance for design environments.

The life of this device is essentially unlimited providing the

non-metallic bonding agent is stable and properly applied.

Bonded Strain Gage

The weakest link, for long-life, is the non-metallic bond between

the strain gage and the sensing diaphragm. Every pressure cycle

"stretches" this bond and the bond may creep under load. This

deterioration is aggravated in high temperature applications. A

very stable bonding agent, properly applied, is probably adequate

for i0 years, but this failure mechanism can be bypassed by using

the thin film approach where the strain gage is vacuum deposited

on a ceramic substrate and no organic material is involved.

Thin Film Strain Gage

The motivation in the development of the thin film strain gage was

the elimination of the organic bonding agent between the strain

gage and the sensing elements. Pressure transducers using thin

film strain gages can be entirely constructed of metals and ceram-

ics, a desirable feature for very long-life. In this process, an

insulating ceramlc film is first vacuum deposited on the metal

pressure diaphragm. Four strain gages are then vacuum deposited

on the ceramic substrate. Attaching leads are then vacuum de-

posited between the four gages forming a bridge. In the last step,

the connecting wires are welded to the device, using the same

technology as employed for wire bonding of integrated circuits,

except the quality of each bond is subjected to much closer in-

spection than would be tendered on an integrated circuit.

Silicon Strain Gage

The advantages of the silicon strain gage are the high gage factors

and the very small size. Gage factors from 50 to 200 are typical,

either positive or negative. For long-life applications, epoxy

bonding of the silicon to a metal sensing diaphragm is not recom-

mended. The problem is that silicon has a low coefficient of ex-

pansion and with high temperature curing of the epoxy, a residual

compression stress exists in the silicon. Creeping of the bond may

subsequently occur, resulting in a severe measurement drift. Kulite
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Semiconductor Products is currently developing bonding techniques

which eliminate the use of organic materials. For example, the

silicon could be bonded to the metal with glass frit. This pro-

blem is avoided if the entire pressure diaphragm is a silicon disc,

but problems of chemical incompatibility may exist with some pres-

sure media such as hydrazine.

When the silicon itself is used as the pressure diaphragm, this

bonding problem is bypassed and, in addition, this approach per-

mits the fabrication of extremely small devices. A pressure sen-

sing disc 1/4 inch in diameter is considered large by one manu-

facturer who has produced devices 0.030 inches in diameter. Their"

high gage factor adapts them to measurements of dynamic phenomena,

where the pressure fluctuations are in the region of i00,000 Hz

and higher. In most applications of these devices, long-llfe has

not been a consideration; but there is no inherent reason why long-

llfe devices could not be fabricated. Molecular diffusion of the

dopant into the surrounding pure silicon could conceivably create

a long-term drift problem, but this is not believed to be a pro-

blem at temperatures under 200°C.

Variable Reluctance and Differential Transformers

This class of transduction devices operate by using mechanical

movement obtained from a Bourdon, bellows, diaphragm, or U-tube

in such a manner as to vary the inductance or reluctance of an

electromagnetic circuit.

The typical variable reluctance device consists of a magnetic dia-

phragm mounted equally distant from two E-shaped magnetic cores

with one isolated winding on each core. These inductors are placed

in an ac bridge and, as pressure moves the diaphragm, a voltage

unbalance is produced by the change in air gaps. This gives a

relatively high level of electrical output for a very small mechan-

ical travel. Full scale travel of the diaphragm is usually in the

order of 0.003 inches. Material selection is somewhat restricted

in that the diaphragm is required to be magnetic. The typical de-

vice also requires wire penetrations of the pressure cavity be-

cause the E cores and windings are located in the cavity.

Differential transformers commonly consist of a separate magnetic

core within the field'of a transformer that has one primary and two

secondary windings mounted on a single spool. The magnetic core

is moved by a sensing element, thus changing the magnetic coupling

between the primary and each secondary. Alternating current is

supplied to the primary, and voltages are induced in each secondary
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proportional to the displacement of the core. Differential trans-
formers require mechanical connection of the magnetic core to the
sensing element, but can have complete metallic isolation of the
pressure mediumwith all welded seals. The transformer windings
are then mounted on a non-magnetic spool that is part of the pres-
sure cavity with the magnetic core inside the spool.

Electrical opens, caused by inter-connection failures of fine wires,
are the most commonfailure modesfor these devices. The E core
in the variable reluctance transformer and the magnetic core in
the differential transformer require protective covering if used
for sensing pressure of corrosive fluids or gases. A non-conduc-
tive material is used to seal the E core from the pressure cavity.
Gold plating is used to protect the magnetic core from the cor-
rosive effect. The coil of the differential transformer is lo-
cated outside the pressure mediumand therefore does not require
special consideration.

Both transduction devices utilize non-metallic insulation and
bonding materials which may introduce di-electric breakdownand
loss of bond strength as a result of aging. Aging effects of high
temperature environments can also reduce permeability of the mag-
netic materials, thus changing the sensitivity of the device with
time.

GenescoTechnology predicts an operating life for variable reluc-
tance devices of two years or 2 x I0 7 cycles and a five year
storage life. Differential transformers are rated by Gulton In-
dustries, Inc., Servonics Division, at five years operating life,
unlimited cyclic life, and five years storage life. Several other
manufacturers indicated that the design of these two types of de-
vices is well suited for long-life usage. Present life limits
are governed by existing applications data and should be extended
in the foreseeable future.

Table 5 summarizesthe important features to consider when select-
ing a pressure transducer for a long-life application.
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Table 5 Design Factors for Long-Life Assurance of Pressure Transducers

DESIGN FACTOR REMARKS

Packaging

Wire Insulation

Wire Size

Material Compatibility

Strength of the Pressure Cavity

Non-metallic Materials

Size

Wear-out Life

Vibration

Temperature Transients

Reference Cavity Design

Over-pressurizatlon

Stability (drift)

Select welded, hermetically sealed designs.

Use Kapton insulated wire. Teflon insula-

ted wire subject to shorting from cold flow.

Avoid use of very small gage wire. Use

largest practicable size. Gages smaller

than No. 40 to 50 are fragile and more

susceptible to breakage°

Insure the pressure cavity material will

not be corroded by the fluid or gas to

be measured.

Design with a burst-to-operating pressure

margin of at least 250%.

Select transducers which do not contain,

or have minimized the use of non-metallic

materials.

Avoid use of small size designs. These

foster increased workmanship and process

control problems.

Avoid use of potentiometric transducers

for long-life applications.

Avoid use of potentiometrlc transducers

in stringent vibration and shock environ-

ments ( _ 20 g's rms vibration, 200 g's

shock).

If the pressure cavity is exposed to

severe temperature transients, isolate

the transduction device by using a

dlaphragm-beam configuration.

With absolute pressure transducers, select

a design which has no feed-through wires

or other potential leak paths.

If inadvertent overpressures may be

encountered, seleca a design with diaphragm

restraints to prevent damage.

Select a developed and proven design for

which the manufacturer can provide compre-

hensive long-term test data on stability

(drift), and evidence of a good field

failure history.
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Eo FLOW METERS

I.

Flow meters are categorized by their application, either gas or

liquid. Gas flow instruments include head-type meters and ther-

mally sensitive meters. Liquid flow instruments provide a wider

range of choice and include volumetric turbine meters, direct-

mass meters, and magnetic flow meters. Failure mechanisms are

summarized in Table 6 and discussed in the following parahgraphs.

Head_____-Ty_peMeters

Head-type meters indicate volumetric flow by measuring the fluid

pressure drop across an orifice (in the case of thick plate or

knife-edge orifices) or the upstream pressure (in the case of

nozzles) given a prior calibration of the meter using the appro-

priate gas. The principal reason for distinguishing between

these three types is the repeatability of the discharge coeffi-
cient under different flow conditions.

Head-type meters will undergo performance degradation due to dis-

charge coefficient drift as a result of ambient temperature var-

iation. This condition will correct itself when ambient tempera-

ture control is regained.

Head-type meters will not react to mechanical shock or vibration

environments. However, damage to the upstream and downstream

pressure sensing connectors from these mechanical loads will

cause erroneous outputs which are irreversible.

Head-type meters are most sensitive to fibrous material which will

establish a trap for all contaminants resulting in calibration

changes. This is an irreversible change without maintenance

(cleaning), but the meter will be re-useable after maintenance.

Redundant orifice meters will reduce risk.

Head-type meters will survive indefinitely, with tolerance for

some performance degradation. Extensive non-aerospace applica-

tions involving gas flow with high contamination levels have

noted as much as five years' service between maintenance periods.
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. Thermally Sensitive Meters

Thermally sensitive meters operate on one of two principles:

i) Measurement of heat loss from a continuously heated probe

enables inference of the fluid velocity.

2) Measurement of the temperature difference between two points

upstream and downstream of a heated section in the flow

stream permits inference of the mass flow.

The heated probe meter is designed primarily to provide rapid

response and so is virtually a point sensor which is insensitive

to variations in temperature across the flow stream. Power re-

quirements are small but the sensor is easily damaged.

The heater and thermocouple elements in the heated flow stream

meter, variation (2), are similarly fragile, particularly the

thermocouples, and power requirements are significantly greater.

Various specialized configurations have been devised to divert

the flow into smaller conduits to reduce power requirements,

but always at the expense of external electronics simplicity.

New variations of the heated probe meter involve orificing the

flow to minimize stratification errors; however, risk of damage

from particulate contamination is increased.

Thermally sensitive meters must be equipped, as part of their

construction, with ambient temperature compensation sensors. In

spite of such compensation, ambient variations will induce ther-

mal stratification in the flow path that cause meter inaccuracy.

To achieve fast response, thermally sensitive meters contain in-

herently fragile elements. These elements including electrical

connections, that are susceptible to physical breakage often because

of particles in the flow path. Also suspect are the sealed elec-

trical connections from the flow path to external controls.

Heated probe meters will survive one to two years, given clean

gas to monitor and periodic maintenance/checkout of the relatively

complex, external, electronics. Non-maintainable aerospace appli-

cations to date have been limited to short duration usage. Their

dependence on external power implies an electrical interface which

in itself could limit life.
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. Volumetric Turbine Meters

Volumetric turbine meters depend on fluid velocity causing tur-

bine rotation which is counted digitally, integrated by external
electronics and converted to volumetric flow. The nature of tur-

bine/housing relationships is such as to require zero leakage

past circumferenctlal clearances as an objective. Degradation

of this clearance will result from contamination abrasion and

thermal expansion of the turbine into the housing. Resulting

drag on the turbine will cause erroneous output and, if the inter-

ference condition is removed, a larger than desired clearance

will cause permanent calibration change. Rotor bearings operate

in the fluid medium; and while this frequently provides cooling,

it also exposes bearings to fluid chemical and particle contamina-
tion.

Volumetric turbine meters must be protected against excursions in

the fluid ambient temperature by specific thermal control. In-

creased turhlne/flow conduit clearance permits internal leakage

which results in performance failure (inaccuracy); reduced tur-

bine/flow conduit clearance will result in either marginal tur-

bine interference (inaccurate output) or total failure due to

slezlng.

Volumetric turbine meters require isolation of the flow conduit

from the mechanical excitation of shock and vibration to avoid

damage to bearings and sealed couplings of the digital counter.

Bearings and radial clearances will first be degraded (calibra-

tion shift) and ultimately may sieze due to particulate con-

taminatlon. The turbine conduit clearance particularly will

not be renovated by maintenance because once contaminants have

intruded and the turbine rotation has been impeded, the conduit

surface would be damaged.

Given some contamination control of the fluid and adequate am-

bient thermal control, turbine and Impeller meters will have a

life expectancy of one to two years depending on the duty cycle.

This limitation reflects the Joint effects of bearing degrada-

tion (random contamination), rotating seal wear, and random tur-

bine overspeed effects.
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Direct Mass Meters

Direct mass meters impart directive momentum to the fluid and then
use a turbine to remove the momentum. Measurement of the mass

effect of the momentum results in a measure of flow. A variation

of this technique uses external power to maintain a constant im-

peller torque and uses impeller speed as a measure of the mass

effect. Both types use external motors, have fluid-to-ambient

rotating seals, bearings in the flow stream as well as statically

sealed couplings from the flow stream to flow readout.

Direct mass meters (momentum transfer) suffer from increased ex-

ternal leakage due to ambient temperature variations when the flow

path is coupled through rotating seals to external drives or elas-
tic links.

Direct mass meters will be most sensitive to shock and vibration

at the flow path coupling seals, at shaft bearings, and at drive

motor electrical connections. Bearings are susceptible to partic-

ulate contamination with degraded rotor response occurring first

and total failure following eventually.

M__netic Flow Meters

Magnetic flow meter operation is based on the principle that elec-

trical currents are induced in a conductor which is put in motion

through a magnetic field. Fluid volume flow generates a voltage

that is proportional to the volume flow rate. These meters have

the advantage of using no moving parts and no obstructions in the

fluid stream.

The response of magnetic meters is influenced by temperature changes

in the fluid stream, principally through fluid density effects. Un-

predictable density variation results in meter inaccuracy. Mag-

netic meters are insensitive to particulate contamination and will

survivethe life of the controlling external electronics, which

should not be limited by any wear-out effects. Table 7 summarizes

the important features to consider when selecting a flow meter for

a long-life application.

Under conditions of low Reynold's Number sub-sonic flow, (low vol-

umetric flow, small flow paths or large orifice to pipe diameter

ratio) heated probes are preferred if the gas is clean relative to

particulate and chemical contaminants. If one of these contamination

conditions is a specific threat or could develop after long use, then

thick plate orifices are preferred for long-life applications.
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Table 7 Design Factors for Long-Life Assurance of Flow Meters

DESIGN FACTOR REMARKS

i. Gas Flow Applications

a. Flow Conditions

Low Reynolds Number

bo

High Reynolds Number

Critical Flow

Particulate Contamination

c. Vibration

d. Temperature Transients

e. Wear-Out Life

. Liquid Flow Applications

a. Flow Conditions

Single Phase Liquid

Two Phase Liquid-Gas

Two Phase Liquid-Solid

b. Particulate Contamination

c. Vibration

d. Temperature Transients

e. Wear-Out Life

Heated Probe meters provide best accuracy

with no particulate contamination. Use

Thick Plate Orifice meter if contamina-

tion is anticipated.

Thick Plate Orifice meters are preferred.

Thick Plate Orifice meters are preferred.

Use Head-type meters if contamination

could develop.

Avoid use of fragile thermally sensitive

meters in stringent vibration and shock

environments.

Provide ambient temperature compensation

to reduce calibration drift.

Avoid use of fragile thermally sensitive

meters for long-life applications.

Volumetric Turbine meters provide best

accuracy for steady flows. Use Thick

Plate Orifice meters for pulsing or

surging flows.

Direct Mass meters are required with

Angular Momentum type preferred.

Gyroscopic Momentum meters are preferred.

Magnetic Meters are the only type

insensitive to contamination.

Select Magnetic Meters for stringent

vibration and shock environments.

Meter inaccuracy occurs in all types

with ambient temperature extremes.

Use High-Rel electronics with Magnetic

Meters for long-life applications.
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Thick plate orifice meters are preferred in High Reynolds Number

(>105 ) non-critical flow applications. The nominal repeatability

of a thick plate orifice flow coefficient, assuming no mechanical

or chemical degradation of the orifice, is only 2 per cent. If

greater accuracy repeatability is required, knife-edge orifice

meters are recommended.

Thick plate orifice meters are preferred under critical flow

(Mach _ i) conditions. Although flow nozzles can be used in cri-

tical flow applications, their increased construction complexity

and the relationship of this construction (shape and dimension)

to the metering function make them less desirable for long-life

usage. The nozzle flow coefficient is more reactive to low level

particulate or chemical contamination.

Turbine meters are recommended under slngle-phase liquid flow con-

ditions for applications in which metering accuracy must be better

than 0.5 per cent. However, if flow conditions are such that

pulsing or surging is possible and if the flow Reynolds Number

will be large (>105), then a thick plate orifice must be used.

Pulsed flow through an orifice will cause only a transient failure,

but in a turbine this flow environment can cause overspeeding and

siezing. If the liquid flow is characterized by large particulate

contaminants, then accuracy control must be compromised since mag-

netic meters are the only recommended solution for long-life opera-

tion. Corrosive liquid flow will drastically degrade performance

of any of the candidates except thick plate orifice or magnetic

meters.

Applications involving two-phase liquid gas or cryogenic flow con-

ditions [equire direct mass meters. The angular momentum type is

the simplest and is recommended. In this type, angular momentum

is imparted to the fluid by a driven impeller and the momentum is

removed by a turbine. Accuracy is good, less than 0.25 per cent

error; but this meter presents high risk for long-life applications.

The constant speed impeller motor is coupled into the flow stream

through a rotating seal as is the elastic restraint on the turbine.

Contamination in the fluid will threaten the accuracy of the tur-

bine response or possibly cause failure of the response by curcum-

ferential slezing. Surging or pulsed flow also can cause turbine

overspeed and, in turn, siezing of the turbine. If any of these

abnormal influences are possible, then the only recommended meter

is the gyroscopic momentum meter. This meter has an acceptable

accuracy But is non-linear in comparison with angular momentum

meters. It is both mechanically (highly-stressed rotating seals)

and electrically complicated and does not promise long-life capabi-

lity without frequent maintenance and recalibration.
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The only recommended meter in two-phase, llquld-solld (slurry) flow

applications is the gyroscopic momentum meter. Any direct mass or

columetric meter employing a turbine is inappropriate Because of

the solid phase which acts llke particulate contaminants. The ori-

fice meters likewise will not Be adaptable for the same reason. The

disadvantages of this meter cited above must be accepted and a sig-

nificant risk to long-llfe operation expected.
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F. HUMIDITY TRANSDUCERS

l.

Humidity transducers represent a greater problem for long-life

applications than do temperature or pressure transducers.

Three types of sensors are discussed, the Dew Point Hygrometer,

the aluminum oxide hygrometer, and the quartz crystal hygrometer.

Dew Point Hygrometer

This device is being used in the Skylab Orbital Workshop. The

unit contains a mirror surface which is thermally bonded to a

thermo-electric cooling module. The module, when excited with

direct current of the proper polarity, causes cooling of the mir-

ror. When the mirror reaches the dew point temperature, conden-

sation begins on the mirror surface. The presence of condensation

on the mirror changes the visable light reflection characteristics

of the mirror. The mirror is illuminated by an incandescent source

such that a change in reflectivity is detected by the direct and

bias photocells. The photocells are connected as legs of a bridge

circuit. The bridge output is connected to an operational ampli-

fier whose output is used to control the current supplied to the

thermoelectric cooling unit. The system stabilizes and controls

about a particular dew layer thickness. A thermistor is used to

measure the stabilized mirror temperature. The thermistor is used

as the active leg of a bridge which provides the input to an opera-

tional amplifier. The amplifier output is conditioned so that a

dc voltage proportional to mirror temperature is obtained.

When the stainless steel mirror first collects a layer of contami-

nation, an adjustment of the optical bridge will null out the con-

tamination effect. However, when the mirror collects a sufficient

layer of contamination to cause an impairment in accuracy, the mir-

ror must be cleaned.

This sensor is manufactured by Cambridge Systems Inc. who supplied

the following life information. The Skylab version is a third gene-

ration device. An earlier version was used on Apollo. The incan-

descent light source used on earlier versions has been replaced by

a light emitting diode, eliminating the long-life problem of fila-

ment wear-out. The light sensors are cadmium selenide photoresis-

tors hermetically sealed in TO-18 cans and protected from overload

damage by Zener diodes. The mirror is gold-plated silver. The
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silver provides high thermal conductivity and the gold is protec-

tion against tarnishing and corrosion. The thermistor in the mir-

ror, per NBS data, will remain stable within 0.2@C for a period of

five years. The weak-link from the standpoint of very long-life

is the thermoelectric cooler. The repeated thermal cycling will

eventually break down the bismuth telluride Joints. Cambridge Sys-

tems Inc. does not have formal life test data but reports that a

similar dew point sensor in an industrial application functioned

continuously for 2½ years before failure of the thermoelectric

cooler from the repeated thermal cycles.

One maintenance consideration exists. When the sensing mirror

becomes contaminated, it must be cleaned. This is facilitated by

removal of a single nut to remove the sensor which can then be

cleaned with a small swab such as a Q-tip.

The following information was obtained by the Skylab user of the

device, McDonnell-Douglas Corp. A sensor is currently under mls-

sion-simulation tests and has been exposed to 28 days operating,

34 days storage, and 56 days operating, under a simulated Skylab

environment of 5 psi atmosphere of 02, N 2 and CO 2. The unit per-

formed very satisfactorily except for some evidence of possible

measurement degradation near the end of the 56th day exposure.

This problem is currently being evaluated. The mirror is cleaned

prior to final installation in the inlet duct to the molecular

sieves. In this location, the sensor is not accessible for cleaning.

Future Skylab experience with the device will provide further infor-

mation about the device and whether easier access for main=enance

is desirable.

Aluminum Oxide Hy_rometer

These sensors are small, simple, and economical; but there is con-

siderable question about their long-term stability. The sensor

consists of a plate of anodized aluminum to which electrical con-

nections are made to the base metal and the aluminum oxide layer.

During the oxidation or anodizing process on aluminum, certain other

chemicals are entrapped in the aluminum oxide layer making the layer

hydroscopic. The absorbed moisture changes the impedance of the

sensor and yields a measurement of humidity. However, there is a

considerable question about their accuracy and their stability with

time. Reports on long-term stability from various manufacturers are

conflicting. The device is apparently susceptible to atmospheric

contaminants which poison the aluminum oxide layer causing calibra-

tion shifts. The sensor is also temperature sensitive.
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This device is attractive from the standpoint of simplicity and

cost, but the issue of accuracy and long-term stability should be

examined in detail prior to selecting the device for long-life

applications.

Quartz crystal Hygrometer

Piezolectric quartz crystals are used extensively for controlling

frequency in communications equipment, and are widely used as

selective filters in electric networks. Special quartz crystals

are available that can control frequencies to one part in 109 . It

is estimated that commercially available 15 MHz crystals will have

a sensitivity of about 2600 Hz per microgram. Hence, if the crystal

is coated with a hydroscopic layer which changes mass in relation

to humidity, the frequency of oscillation will depend upon the

humidity.

The frequency of such a coated crystal depends on the mass of the

coating, which in turn depends on the mass of vapor absorbed by

the coating.

Since sorption isotherms of many materials are often known, the

performance of a sorption detector is readily predicted. Liquid-

coated crystals make rapid and linear response detectors, but solid

sorbents are outstanding for high sensitivity at low concentra-
tions.

The use of deliquescent salts for coating crystals results in inter-

esting water detectors. The simplest coating procedure is vacuum

evaporation through a mask so that only the electrode receives the

film. The detectors are extremely rapid at normal conditions, but

at low temperatures and low humidities the response can be very

slow due to the lack of driving force, slower diffusion, and the

existence of the solid state. For example, a lithiu_ chloride

coated crystal whose coating thickness was only 500 A had a time
constant of 18 minutes at -26°F and less than 1 second at room

temperature providing the direction was dry to wet. In the re-

verse direction the hydrates must be contended with, and about 6

minutes are required to dry down.

Water detectors can be made from a wide variety of materials, and

each has its own range of usefulness. Gjessing et al. (Reference

3) developed a radio-sonde humidity element consisting of an SiO 2

evaporated film on a crystal. They report no hysteresis between

15 and 95 per cent RH. King (Reference 4) has observed similar
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results with silica gel coated crystals; however, hysteresis did
show up below 5 per cent RH. A selective water detector based on
a hygroscopic polymer coated crystal has now been corm_erically
available since 1964. The device is currently marketed by the
Instrument Products Division of E. I. duPont de Nemours& Co. Inc.
The unique qualities of the instrument are parts-per-million de-
tection in 30 seconds, high selectivity, and long life.
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CARBON DIOXIDE SENSORS

There are several techniques available for monitoring CO 2 levels

in a breathable atmosphere. The ion chamber and electrochemical

cell type instruments have been qualified and used in space flight

environments. Design and development have been pursued on the in-

frared and the mass spectrometer type analyzers for space flight

application.

Ion Chamber Sensors

The Skylab CO 2 Detector System is a radiation counter type instru-

ment which was originally designed for and used on the Gemini space-
craft.

This type of instrument uses filters, radioactive material and

electronics to compare the ion content of two streams of gas. One
gas stream is filtered to remove water and carbon dioxide. The

other gas stream is filtered to remove only water. Both gas streams
are then directed into ion chambers where the radioactive material

ionizes the gases. Each ionized gas stream is then passed between

two plates which are excited by dc voltage. The ionized gases pro-

vide ion currents between the plates. Since the ion currents of

the two gas streams are of opposite polarity, the currents are

summed together to provide a difference in reading which indicates

the amount of CO 2 in the gas sample. The difference in ion currents

is changed to adc voltage and is then amplified to a 0 to 5V de

output for readout.

The filter units used with this instrument are life limited and a

filter change is required for every i0 days of operation in the

Skylab environment.

Electrochemical Cell Sensors

A portable C0 2 Sensor Assembly using an electrochemical sensor was

developed by Beckman and qualified for the Apollo Program. The

sensor accurately measures C0 2 concentration and provides an alarm

if the CO 2 level rises to hazardous levels.

The sensor consists of a glass pH bulb and a silver chloride refer-
ence electrode. The sensor surface is coated with a thin film of

buffer (bicarbonate) which is held in place with a very thin semi-

permeable membrane of silicone rubber.
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This system measures a range of 0.i to 30mm Hg C02 and is capable

of maintaining long-term stability without calibration for i000

hours. With periodic calibration, the sensor life is expected to

be in excess of one year of operation. The associated electronics

are relatively simple and provide high reliability. The device is

small, lightweight and requires less than one watt to operate. A

comparable C02 sensor using the electrochemical cell principle was

also used in the life support system of Project Mercury.

Non-Dispersive Infrared Analyzer

The infrared analyzer provides a continuous determination of the

concentration of C02 in a gaseous or liquid stream. The unit uses

two light beams which pass through a reference cell and a sample

cell. The reference cell contains a known concentration of C02

and the sample cell contains the gas or liquid requiring analysis.

Infrared radiation which passes through the sample cell is absorbed

by the C02 component only in the wavelength regions where the C02

has infrared absorption bands. The amount of absorbed radiation

is proportional to the C02 concentration-in the sample.

This type of analyzer was designed By Beckman and considerable

development effort was accomplished to produce a prototype in-

strument for monitoring concentrations of carbon monoxide and me-

thane in the M0L Program.

Mass Spectrometer

The Mass Spectrometer is an instrument which is capable of simul-

taneously measuring more than one component (02 , C02, N 2, etc) in

a multicomponent gas. The instrument can be made selective for a

single component analysis and a continuous measurement can be ob-

tained. The output can Be displayed, recorded, or used to provide

control for gas management systems. Examples of these instruments

include the following:

i) The Quadrapole Mass Spectrometer is one form of the mass spec-

trometer which has been reco_nended for development of a long-

life instrument capable of monitoring and controlling the par-

tial pressure of oxygen and trace contaminants in a spacecraft

atmosphere. This type of instrument uses an electron multiplier

detector. Secondary emission is produced at the alkaline earth

surface of a collector plate. The electrons are collected on

a series of dynodes which are similar to a photo-multiplier.

The output is amplified and can be displayed, recorded or used

for control functions.
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2) The Beckman Metabolic Gas Analyzer is a quadrapole mass spec-

trometer with a digital computer which was designed and deve-

loped for NASA for determining physiological performance of

individuals. The instrument is capable of measuring the par-

tial pressures of oxygen, carbon dioxide and other gases, as

well as providing data on oxygen consumption, carbon dioxide

production flow rate and respiratory quotient.

3) The Perkin-Elmer Metabolic Gas Analyzer (P/N IOM13040-3) which

also utilizes a mass spectrometer for analysis was developed

for NASA. This instrument is presently being qualified for

use in medical experiments in the Skylab Program.

In their present forms, these instruments are adapted for use

by an individual while performing some physical task. The in-

struments are large, heavy, complex, and require on the order

of 125 watts of input power.

Adaptation of one of this type of instrument to the function of

atmosphere monitoring and control would require studies and further

development to achieve smaller size, reduced weight, and reduced

power consumption. The complexity of these instruments would re-

quire evaluation to determine if long-life can be achieved, par-

ticularly with unattended operation.
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He OXYGEN SENSORS

i.

Numerous instruments are available for measurement and control of

oxygen levels in a breathable atmosphere. Some of these instru-

ments are simple devlces using electrochemical cells. Others are

complex instruments such as mass spectrometers, paramagnetlc ana-

lyzers, spectrophotometers, and gas chromatographs.

Electrochemical Cell 02 Sensors

There are presently two spaceflight qualified electrochemical type

02 sensors available for measuring the partial pressure of oxygen

in spacecraft atmosphere. These are the polarographic type and

the galvanic type.

These electrochemical sensors are life limited due to depletion of

some portion of the sensor during exposure to oxygen. Sensor life-

times of up to one year of service can be expected.

a. The MOL O_gen Analyzer - It utilizes an electrochemcial cell

and an amplifier to measure the oxygen content in a breathable at-

mosphere.

The sensor is a polarographic type electrochemical cell which con-

sists of a gold cathode and a silver anode which are covered by

an electrolyte (potassium chloride) contained by a FEP teflon mem-

brane. A calibrated bias voltage is applied to the sensor. When

the membrane surface is exposedto the atmosphere, the oxygen dif-

fuses through the membrane and causes a change in the output vol-

tage in proportion to the oxygen partial pressure.

In the process of chemical reaction between 0 2 and KCL, the electro-

lyte becomes depleted at a rate proportional to 02 concentration.
Service life of the sensor is in excess of 1.25 x 106 mm Hg-hrs

(PO 2 measured in millimeters of mercury times the number of hours

exposed.) At a PO 2 level of 200 mm Hg, this equates to over 6250

hours.

The orignial version of this type of system was qualified and flown

on the BIOS Program. Additional development and testing was done

for the MOL, Gemini and Skylab Programs.
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The system using the electrochemical type sensor is very reliable,
requires very low power, is small in size, lightweight and rela-
tively uncomplicated to use. It provides excellent long term sta-
bility and does not present a safety hazard. The unit can with-
stand exposure to vacuumwithout adverse effects.

Present problems with the sensors are associated with membrane
material. Suitable quality control and screening tests have been
instituted to minimize or eliminate these problems. However, the
search for improved membranematerial is an area presently being
investigated.

b. The Skylab 02 Detector System - It utilizes an electrochemical

cell and a converter/amplifier to measure the oxygen content in

the breathable atmosphere.

The sensor is a galvanic type electrochemical cell which consists

of two electrodes covered with an electrolyte (potassium hydroxide)

held in place by a teflon membrane.

During exposure of the membrane surface to an atmosphere containing

oxygen, the oxygen diffuses through the membrane at a rate depen-

dent upon the quantity of oxygen available. The oxygen combining

with the KOH results in production of a voltage which is propor-

tional to the amount of oxygen in the sample.

In the process of producing the output voltage, the copper electrode

is consumed at a rate dependent upon the total oxygen diffused

through the membrane. This process causes the sensor to Be a life

limited item which must be replaced for each manned phase of the

Skylab mission.

This sensor unit, as with dry cell batteries, has a shelf life

limit, even when not exposed to oxygen. This limit results from

corrosion of the copper electrode by the KOH electrolyte by the

KOH electrolyte. At present, the shelf life is limited to 12

months.

This system, using the electrochemical type sensor is considered

very reliable, requires very low power, is small and lightweight

and is simple to operate. The unit can withstand exposure to

vacuum without adverse effects. The present problems with the

sensors are associated with the membrane material. Quality con-

trol and screening tests for completed sensors have been instituted

to eliminate acceptance of units with marginal membranes and other

defects.
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To provide longer life sensors, a manufacturer of the galvanic
units has recommended an increase in sensor size to allow an in-

crease in t_e size of the copper electrode. It was also pointed

out that improved membrane material is being sought.

c. The Spacecraft Cabin 02 Analyzer - It was developed for and

used successfully on the Apollo Program. The analyzer utilizes

a polarographic sensor similar to that described for the M0L Ox-

ygen Analyzer. The electronics package provides meter type read-

out and a capability for measuring oxygen partial pressure in

ranges of 0-300 and 0-800 mmHg. The system can be used for either

cabin 02 or spacesuit 02 analysis. Sensor limitations, problems

and improvement requirements are the same as those mentioned for

the MOL oxygen analyzer.

d. The Aircraft Oxygen Monitoring System - It was developed for

integration into combat aircraft. The system is another in the

family of instruments which utilize an electrochemical sensor for

detection of oxygen level in a breathable atmosphere. Although

not proven for space flight, the instrument is cited here as an-

other example of the extensive application of the electrochemical

sensor in monitoring a critical parameter in a simple and reliable

mann er.

Mass Spectrometer

The Mass Spectrometer is an instrument which is capable of simul-

taneously measuring more than one component (02, C02, N2, etc) in

a multicomponent gas. The instrument can be made selective for a

single component analysis and a continuous measurement can be ob-

tained. The output can be displayed, recorded or used to provide

control for gas management systems. A discussion of these instru-

ments in contained in Section G. Their capabilities and limita-

tions are equally applicable to 02 and CO 2.

Paramagnetic Analzyzg__

The Paramagnetic Amplifier has potential for applications in long-

term measurement and control of oxygen. Although present analyzers

of this type have been used for more than 15 years, development

work is required to provide a unit capable of withstanding space-

craft environments.
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The Paramagnetic Analyzer provides an indirect determination of

oxygen by measuring the cooling effect of oxygen on a heated wire

within a magnetic field. Direct measurement of oxygen can also

5e provided by measuring the amount of displacement that a test

body makes in a magnetic field as a result of the presence of

varying amounts of oxygen.

Other 0 2 Sensors

Other instruments which can 5e used to detect and measure oxygen

levels are the Spectrophotometer and the Gas Chromatograph. How-

ever, in view of the complexity of these instruments and the lack

of recommendations for their use, further inquiry was not pursued.
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I. INDUSTRY SURVEY

An industry survey (Table 8) of both transducer manufacturers and

users was conducted to determine the reasons for the success of

specific transducers used in past programs. Information from four-

teen companies was compiled; seven manufacturers and seven users.

Four transducer types were selected for this survey: temperature,

pressure, flow meter, and accelerometer. The information accumu-

lated fell into two categories; technical and nontechnical.

The technical information involved materials, design, fabrication,

aging, testing, and inspection. The manufacturers acclaimed that

the materials used in the design represented no compromise with

cost. The materials were selected upon the basis of low wear and

long life. Metallic materials were highly preferred to non-metal-

lic materials. Some manufacturers reprocessed raw materials to

enhance the purity and quality. The purity of platinum wire used

in temperature transducers, for example, has a dramatic effect

upon long-term accuracy and the usefulness of the device.

The design of the transducer was oriented to provide a device which

would maintain long-term accuracy in the anticipated environment.

Replacement and maintenance was minimized by reducing the number

of moving parts and reducing the normal wear of moving parts. For

example, a turbineless flow meter, which used the principle of re-

lating the frequency of swirling gas to units of flow, could assure

the customer years of trouble free performance.

Most of the manufacturers used very sophisticated fabrication me-

thods. Temperature sensitive pressure strain gages were meticu-

lously wound in a manner as to provide minimal mechanical stresses
in the wire element. Element wires were welded to terminals to

provide maximum strength and insure low contact resistance. Some

devices, such as the pressure transducer, were hermetically sealed

in a double metal case by the use of electron beam welding. Weld-

ing is believed to assure the device of a more lasting seal and a

surer encasement for the active element. The inner case was fab-

ricated from platinum to minimize the presence of impurities in the

immediate vicinity of the active element and thereby minimize self-

contamination at high temperature.

All transducers were aged at high temperature and most were cycled

between low and high temperature limits to improve stability and

long-term accuracy.
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The devices were tested following the aging procedure. The trans-
ducers were calibrated at room temperature. The calibration was
checked at the working temperature extremes. Temperature compen-
sation was madeto the transducer until its calibration was stable
at temperature extremes. Auxiliary tests, such as vibration and
shock, were generally conducted on request only. The transducer
piece parts, assemblies and completed device, received 100%phys-
ical and functional inspection. The transducer user selected the
transducer on the basis of the past performance and good reputa-
tion.

The users almost always selected the transducer manufacturer on
the basis of his demonstrated ability to produce stable, reliable,
devices. The users were not concerned with the initial cost of
the transducer as muchas they were with the long-term accuracy
(stability) and reliability. Low maintenance costs were felt to
justify a higher initial cost.

There was non-technical information obtained from this survey which
should be mentioned. Of the seven manufacturers surveyed, six
stressed the need for better communication between manufacturer
and the customer. The aspects of communication emphasizedthe
most were the following:

l) Manufacturers frequently lacked information concerning the

customer's application of the transducer which limited the

manufacturer's usefulness in determining the correct trans-

ducer from his product line and making technical suggestions.

2) Manufacturers sometimes misinterpreted the requirements of

the customer because messages were relayed through a purchas-

ing agent instead of directly from the customer's engineer.

3) Manufacturers felt that changes in the customer's transducer

requirements are frequently received too late to avoid manu-

facturing and scheduling impact.
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